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1.0 SUMMARY

Significant differences exist in the fan tone noise generated by engines in
flight and engines operating on the test stand. It has been observed that
these differences are reduced by the use of an Inflow Control Structure (ICS)
in the static test configuration. It is the purpose of this contract (NAS1-
15085) to produce a design system for ICS's, to provide a methodology for
projecting the resulting data to flight and to assess the design system and
prajection methodoiogy by camparing static data, obtained from a JT9D tested
with an ICS and then projected to flight, with flight data from a Boeing 747
equipped with JT9D engines.

The contract consisted of three phases. Results from Phase I and Phase II are
described in References 1, 2 and 3 and are summarized briefly in this final
report. The results of Phase III are described herein,

The atmospheric model from Phase I and the models accounting for the effects
of contraction and screening on inflow distortion are combined in Phase II to
provide an ICS design system. This design system was then assessed by predic-
ting and comparing the inflow characteristics at the fan face of a JT9D engine
to the inflow characteristics deduced from Blade Mounted Transducer Data.

Based on Contractor experience, test procedures for static testing with an ICS
and corrections required to project this data to flight were defined. The ICS
design system and the test and projection procedures were then combined into a
procedures report which is included in Appendix I.

Assessment of the procedures report was accomplished by projecting to flight,
static data obtained from a JT9D engine tested with an ICS, and comparing
these results with flyover data. The assessment showed that, on the average,
for the four speeds (which span approach to takeoff operating conditions) and
for the range of measurement angles considered (20% to 140° from the inlet
centerline), use of an ICS improved agreement between projected static and
measured flyover data by 3.1 dB for the BPF one third octave band (1/3 08)
tone level. Without an ICS, on the average, static BPF data projected to
fiight were about 3.9 dB higher than flight data. With an ICS, this difference
was reduced to 0.8 dB.
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2.0 INTRODUCTION

Reduction of aircraft engine noise levels is a continuing process which has
resulted in significant noise reduction since the advent of the original
commercial jet aircraft in the early 1950's. Engine noise reduction features
are usuadlly verified by meant of static or {light testing. Since the cost of
flight testing is much greater than that of static testing, use of the latter
technique results in significantly lower coscs being accrued to the develop-
ment of engine noise reduction features. As such, the use of static testing
techniques should be fully exploited. The purpose of this contract is to
further develop static test technology for turbofan noise studies.

It has been noted by various observers that the noise produced by the fan of
some turbofan engines operating statically on the test stand is greater than
that produced when the engine is operating under flight conditions, This may
be a result of both fan blade passing tone and broadband levels being contam-
inated by extraneous noise sources present during static testing. As a conse-
quence, predictions of flight noise levels using static data are high, Depen-
ding on the engine type, it is also possible that flight noise sources cannot
be identified from noise data acquired in static tests, and therefore, noise
reduction techniques cannot be evaluated on the test stand in the presence of
contaminating extraneous noise. To identify the source of extraneous noise it
is necessary to note that, statically, the fan interacts with a more distorted
inflow field than it does when in flight. There are several features of the
inflow field that are quite different when the'engine is operating statically,
each of which could produce extraneous noise.

Firstly, the intensity of the atmospheric turbulence in the vicinity of the
ground is higher than at higher altitudes. In addition, this turbulence field
is convected through a very high flow contraction when the engine is operating
statically, whereas, in flight, the turbulence field convects through a very
small contraction on its way to the fan. This high flow contraction in the
static case results in a distortion of the turbulence field in which the
"eddies" are "stretched", then "chopped" by successive fan blades, producing
"bursts" of discrete tone noise that are virtually absent in the flight
operation of the engine.

B kakorhn LA FRibd &G S AR T R %
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Secondly, in the static case, the stand structure and the ground plane are
sources of flow disturbances. Engine ingested air passes over the stand
structure and the ground resulting in vortices and wakes in the inflow field.
Exterior engine case protuberances can also generate ingestible distortions.
Usually these sources of distortion do not exist in flight since the air
ingested into an engine has not passed over any exterior surfaces.

Thirdly, the nacelle boundary layer, because of differences in the mean flow
between static and flight, is different during static operations of the engine.

Finally, since it is possible for the flow to be drawn from all angles by an
engine on the test stand, turbulent flows from the jet plume may be reingested.
This distortion source is not present in flight.

The disturbances described above (i.e., atmospheric turbulence, ground plane
and stand induced distortions, dissimilar nacelle boundary layer and jet plume
reingestion) are considered to be the most important extraneous noise sources
in static engine operation. In order to obtain useful static acoustic data, it
is therefore necessary to develop techniques which modify the inflow field so
that the fan is operating as it would in flight, In the past, various tech-
niques for accomplishing this simulation have been used, including mounting
engines in wind tunnels and using devices upstream of the fan to condition the
inflow. Inflow Control Structures (ICS) for conditioning the flow have been
mounted upstream of the engine by several investigators. This technique has
resulted in reduced radiated noise levels, indicating the reduction of inflow
distortion. In view of the encouraging results achieved by the use of ICS's,
the present contract was awarded for the purpose of developing an interim
Procedures Report, to include an inflow control screen design procedure and a
flight noise prediction procedure using data gathered from the static testing
of engines equipped with such a structure. Additionally, the procedures have
been assessed using static data from a Pratt & Whitney Aircraft (PWA) JT9D
engine equipped with an ICS and flyover data from a Boeing 747 airplane
equipped with JT9D engines, These data were obtained during a joint Boeing/
Pratt & Whitney program and were provided as part of the contract.

L e
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The major components of the contract are:

Phase | Definition of Atmospheric Turbulence Characteristics and Engine
Sensitivi.y Study.

Phase 11  Development of Inflow Control Structure (ICS) Preliminary Design
System.

Phase 111  Interim Procedures Report Development and Coordination.

The results of Phase I and Phase 11 have been described in References 1, 2 and
3, but parts that are pertinent to the Phase 111 effort are surmarized in this
report. The results of Phase I11 are described in this report, and the Interim

Procedures Report is contai ned in Appendix I.
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ANOPP
BPF
BPFpy

BPFpa
BPFp

BPFp]

BPFpNI

(BPFpa-BPFp1)a

(BPFma-BPFpNI)a

ds
FAA
HBPR
ICS
NASA

PNL
PWA

3.0 SYMBOLS AND ABBREVIATIONS
Aircraft noise prediction program
Blade passage frequency

Biade passage frequency sound pressure level measured during a
single flyover.

Average of blade passage frequency sound pressure level for
several flyovers.

Predicted blade passage frequency sound pressure level based
on averaged static data.

Predicted blade passage frequency sound pressure level based
on averaged static data obtained with an infiow control
structure,

Predicted blade passage frequency sound pressure level based

on averaged static data obtained without an inflow control
structure, -

Average over all measurement angles of the quantity

Average over all measurement angles of the quantity
(BPFpna - BPFpNI) .

Decibel [20 log (sound pressure /2x10-5 N/MZ)]
Federal Aviation Administration

High bypass ratio

Inflow control structure

National Aeronautics and Space Administration
Octave Band

Perceived noise level

Pratt & Whitney Aircraft
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4.0 INTERIM PROCEDURES REPORT DEVELOPMENT (PHASE III)

4,1 Review of Phase I and Phase II Results (Phase III, Task A)

Under Phase I, atmospheric turbulence characteristics were defined and a study
was conducted to determine the sensitivity of engines of various sizes to in-
flow distortion scale. The PWA JT9D and JT15D engines were selected for the
sensitivity study. Details of the work performed in Phase [ are given in
Reference 1. In Phase II, analytical models for contraction and screening
effects on turbulence and steady distortion were developed. In addition, a
test program was conducted to experimentally define the effects of contraction
and screening on turbulence and steady distortion. The effects of the ICS on
acoustic transmission were studied analytically and experimentally, The analy-
tical models and experimental results were combined to provide semiempirical
models for the development of an ICS design system, and to show that trans-
mission effects connected with well designed ICS's are small and can be
neglected. These studies are described in detail in References 2 and 3.

A brief review of the results from Phases I and II that are pertinent to the
ICS design system are given below.

The atmospheric turbulence intensities and length scales that exist during
static testing and in flight can be obtained from the results of Reference 1
as a function of altitude above the ground, mean wind velocity, surface rough-
ness and atmospheric stability.

Analytical studies of rotor-turbulence interactions show that the mechanism is
dominated by distortion elements within a small range of transverse scales.
For typical turbulence energy distributions encountered in the atmosphere this
range covers about one decade and is centered around a transverse scale in the
order of 30% of the rotor blade spacing at the blade tip. For a given turbu-
lence variance, maximum sound power levels are achieved at transverse integral
scales in the order of 25% of the rotor blade spacing at the blade tip. For a
JT9N fan this is about 4.1 cm and for the JT1S0 fan it is about 1.3 om.

EEE TS,
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Based on the atmospheric turbulence model and the analytical contraction
models from Reference 1, the prediction of rotor-turbulence interaction noise
statically and in flight for JT9D and JT15D sized engines shows that tone
levels at approach power are on the order of 30 dB higher under static condi-
tions than they are in flight. This points out the importance of suppressing
the rotor-atmospheric turbulence interaction during static testing. Since the -
rotor-turbulence interaction tone noise level is so Tow in flight, designing
ICS's to achieve flight levels of turbulence during static testing would
provide a conservative ICS design,

In considering steady distortions, it was shown in Phase 11 (Reference 3) that
‘the transverse velocity camponent of steady or quasi-steady distortfons is not
suppressed by flow contractions. Since distortivns with significant components
of transverse velocity can be generated by fiow over the ground plane (e.q.
ground vortex), and, it is conjectured, by flow over the stand structure, it
is important to suppress these velocities with an ICS. Wakes with axial
velocity deficits are also generated by the test stand structure, and although
flow contraction tends to reduce these distortions, an ICS design should also
suppress steady axial velocity distortions. In order to provide a design goal,
it is necessary to specify the level to which the ICS should suppress the
steady distortions. Based on the studies described above, it was shown that in
flight levels of the turbulence involved in fan noise generation were so low
that the resulting fan tone noise was about 30 dB (based on an analysis band
width equal to 1 percent of BPF)lbe1ow that generated under static conditions.
Furthermore, experimental data shows these static levels are about 5-10 d8
higher than typical fan tones generated with the turbulence suppressed. Thus,
the inflight rotor-turbulence interaction mechanism is on the order of 20 dB
below the fan generated noise levels. The inflight turbulence level therefore
provides a conservative target for which to aim the ICS design. Accordingly,
for both turbulence and steady inflow distortion suppression, the goal of the
ICS design will be to simulate inflight turbulence levels, This target is the
basis of the ICS design system developed in Phase II of the contract which is
discussed in Reference 3.
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Assessment of the ICS design system using Blade Mounted Transducer (BMT) and
hot film data from tests of a JT9D engine is described in Reference 3. Results
of this assessment showed that, with an ICS, the blade inflow upwash velocity
inferred from the BMT signals was 2-4 orders of magnitude greater than that
predicted using the velocity prediction portion of the design system. This
indicated that either the BMI signal level was set by disturbances other than
the inflow velocity field (e.g., the 1ocal acoustic field) or that the predic-
tion method was greatly in error. Further comparisons of the predicted velo-
city with hot film measurements showed much better agreement (the predicted
being about one-half of the measured), supporting the prediction method, and
suggesting that the BMI's in the presence of an ICS are responding to distur-
bances other than the blade inflow upwash velocity.

The effects of angle of attack on fan noise generation were studied in Phase I
(Reference 1). Assessment of this problem was carried out using Pratt & Whitney
Aircraft/Boeing joint noise program data obtained in a 747/J790 flight test,
The data used in the assessment included that from inlet, fan duct wall and

fan bl ade mounted pressure transducers and fuselage mounted microphones. These
data indicate that there is no obvious correlation between inlet angle of ;
attack changes and changes in broadband noise as well as narrowband noise at
BPF and its second and third hamonic, A circumferential variation of the
buzzsaw sound pressure field in the inlet that increases with angle of attack
has been observed. The acquired data did not allow the evaluation of inlet
angle of attack effects on fan noise radiation,

sty

4.2 Test Procedures and Corrections to Test Data (Phase I1I, Task B)

The test procedwres recommended are vart of the Procedures Report (Appendix
I). These procedures are based on the contractor's experience, and are
representative of those currently used in static engine noise testing.
Corrections that account for acoustic fan tone propagation through the ICS
were shown in Reference 3 to be small (i.e., less than 1 dB) if the fan speed
is varied +.5 percent during the data recording phase of the test.

Inlet bellmouth design criteria are defined, and acoustic, meteorological and
engine performance instrumentation are recommended. In addition, test condi-
tion recommmendations are made. These include recommended definitions of a
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test point and techniques for controlling fan speed during the test period to
best simulate flyover data. Suggested 1imitations on temperature, humidity and
wind velocity are also included to insure that uxcessive atmospheric attenua-
tion does not occur, and to insure that acoustic data scatter is minimized by
wind shear gradients. A more detailed discussion of the test procedures and
effects such as three dimensional sound fields and fan nozzle area changes
between static and flight conditions is given in Appendix II. Also included in
the Procedures Report are suggestions fur data acquisition and processing.
These encampass suggestions for tape recorders, system calibration and data
reduction.

The corrections used to project static data to flight are based on PWA and
Boeing experience in making flight predictions and analyzing flight data.
Included in these corrections are convective amplification and doppler shift
effects, corrections for ground reflections and extra ground attenuation and
corrections for spherical divergence and atmospheric absorption of sound.
Details on all of the above are given in Appendix I, The Procedures Report.

The accuracy of the flight predictions is studied in Section 4,4, where assess-
ment of the procedures manual is made by camparing predictions based on static
data from a JT9D engine tested with an ICS to flyover noise levels from 3 747
equipped with JT9D engines.

4.3 Development of Procedures Report (Phase 11, Task C)

The Procedures Report is based on the analytical and experimental studies con-
ducted as part of Phases I, 1I, I1IIA and B and Pratt and Whitney and Boeing’s
test and flight prediction experience. The Procedures Report consists of three
major parts. The first part describes the ICS design system, developed as part
of Phase II, Task G and discussed in Reference 3. The second part describes
static testing and data recording and analysis procedures (See Section 1,2),
The third describes procedures for projecting the measured, statically
obtained data to flight (See Section 4,2). The Procedures Rebort has been
prepared as a "stand alone" element of this final report and is contained in
Appendix 1. As such, it can be used to Jesign an 1(CS, define test procedures
for use with the ICS and praject the resulting data to flight levels.



R

In developing the Procedures Report, techniques for projecting static data to
fl1ight were defined based on PWA and Boeing experience. The elements used to
project static data to flight, with the exception of convective amplification,
are contained in the ANOPP computer program developed by NASA Langley. In its
current state, it cannot accept static data as input for subsequent projection
to flight levels. Accordingly,it is suggested that NASA consider making the
required changes. This would allow the projection to flight to be done by com-
puter in a manner that is consistent with the ANOPP procedure.

4.4 Assessment of Procedures Report (Phase I1I, Task D)

o <t Sy o

The assessment of the Procedures Report was performed using static and flight
data from the Boeing/PWA Juint Noise Program, The assessment was based on i
blade passage frequency (BPr) and t{wice blade passage frequency (2 BPF) 1/3 ’
octave band tones since it is these components, in particular BPF, that are

most affected by an ICS. These tones therefore provide the most critical

assessment.

The assessment was performed by:

i) extrapolating corrected static data for blade passage frequency {BPF)
and its hammonic (2 BPF) to flight using the corrections defined in
the procedures report.

i1) comparing the projected data for BPF and 2 BPF with the corresponding
flight data.

The static data was obtained from a JT9D hardwailed engine tested with and
without the PWA ICS. The engine with the ICS is shown in Figure 1. The flight
data was obtained from fiyovers of a Boeing 747 aircraft equipped with four
hardwalled JTI9D engines of the same model as that used in the static tests.
Canparisons to flight were made for static data obtained with and without the
ICS to assess the improvements in prediction* accuracy afforded by use of the
ICS. The comparisons were made for BPF and 2 BPF data obtained from 1/3 octave
band spectra, corrected to an FAA day (779F, 70%-RH).

* In this section, the words prediction and predicted are used to designate
statically measured data projected to flight.

10
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Figure 1 Bngine With Pratt & Whitney Aircraft Inflow Control Structure

Flyover data were available for four flight conditions - approach 30° flap,
approach 25° flap, takeoff and cutback. Two sets of static data were used to
make the flyover noise predictions; one set was generated with the ICS in-
stalled and the other was generated without the ICS. Descriptions of the fly-
over test configurations are presented in Appendix III. Instead of presenting
noi se levels in tems of flyover time, they are presented in terms of the
static measurement angles. Table I shows the relationship between flyover time
and measurenent angle for each of the four flight conditions.

ORIGINAL PAGE IS
OF POOR QUALITY
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TABLE I
FLYOVER TIME IN TERMS OF MEASUREMENT ANGLE

B Time (Sec)
| Approach Approach
Degrees 300 Flap 250 Flap Takeof f Cutback
‘ 20 -4.24 -4.24 -11.6 -10.88
30 "2029 .2.29 ‘5.2 “0 97
40 -1.43 -1.43 -3.17 -3.01
50 -OQ —QQ '2.10 ’ "1097
50 "055 '-55 ‘1.‘0 ‘1027
70 -.25 -.25 -.85 -.73
§2 m °-m o.w -039 --27
’ %9 .25 .25 .03 .15
’ 95 37 37 .23 .35
100 A9 .49 44 .56
105 .62 .62 .65 .78
110 J5 .75 .87 1.00
115 .89 .89 1.10 1.23
120 1.06 1.05 1.35 1.48
130 1.40 1.40 1.91 2.04
135 1.62 1.62 2.24 2.38
140 1.87 1.87 2.62 2.76

Variadility in the measured flyover data and predicted BPF levels, based on
static data was also investigated. The fivover noise prediction at a parti-
cular angle is based on a curve which is spline fit, as a function of correc-
ted speed, through measured static data at that ang'le, rather than on the
static data points alone. The scatter of the measured data about this curve is
a source of variabiiity in the prediction. An indication of the prediction
variability within the range of applicable operating speeds and at each angle,
was obtained fran the standard deviation of the SPL differences between the
various data points and the spline fit used ir the prediction., The degree of
: g variability in the meas wred flyover data was determined fram a camparison of
s " BPF vs. angle curves for two similar flight conditions. These variabiiities,
a, well as a camparison of the predicted and measured flyover levels, are
discussed in the following paragraphs.
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Canparisons were made between predicted and measured BPF and 2 8PF levels for
each of the four flight conditions and plotted as a function of angle. Each
plot consists of four curves, BPFm (one sample of measured flyover levels),
BPFma (average measured flyover levels), BPFPNI (predicted NO ICS), and

BPFPI (predicted ICS). The bars on the BPFPx plot indicate the degree of

data variability at that particular angle due to the spline fit discussed
above,

Plots of BPF and 2 BPF (predicted) vs. BPF and 2 BPF (measured) were useful in
analyzing the ICS effectiveness hy showing a bias one way or the other, A
statistical evaluation of the differences between measured and predicted BPF
tones was done for each flight condition and the results are shown on the
plots of BPF predicted (BPFp) vs BPF measured (BPFm).

Approach 30° Flap

Plots of BPF vs. angle for approach, 30° flap, are shown in Figure 2. These
plots show that the ICS prediction is closer to the measured data than the NO
ICS prediction in the forward angles (30°-60°). In this angle range, the

ICS prediction is 1-3 dB below the measured data and the NO ICS prediction is
5-7 48 high. Near overhead (70-95°). the NO ICS prediction is within 1 dB of
the measured BPF values, while the ICS predictioon is 3-5 dB below the meas-
wred data, In the aft angles (100-140%), the measured data lies within the
variability of the predicted ICS data, and the NO ICS prediction is 3-5 dB
high.

The plots of 2 BPF vs, angle are shown in Figure 3. The curves in this figure
shon the ICS to have little effect on predicted 2 BPF levels. The measured and
predicted values agree to within 2 dB for the angles 20° through 40°.

There is a peak in both predictions at 50° which is not seen in the f1yover

2 BPF data. Near overhead and in the aft angles (70-140°). the measured 2

BPF levels are 1-3 dB higher than both predictions.

13
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Figure 2 Comparison of Predicted Flight BPF Tone Levels (Based on Static Data)
With Measured Plyover Tone Levels; Approach 30° Flap
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rigure 3 Comparison of Predicted Plight 2BPF Tone Levels (Based on Static
Data) With Neasured Flyover fone Levels; Approach 30° Flap
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Figure 4 shows a plot of BPF,yy Vvs. BPF, . for the NO ICS prediction. Each
data point on this figure corresponds to a measured and predicted BPF level at
a particular angle. The line denoting equality of the predicted and measured
BPF is drawn on the plot as a reference. The data points on the plot are cun-
sistently above the line indicating an overprediction. A statistical assess-
ment of how well the praojected static data agreed with the flight data was
performed by taking the average of (BPFma - BPFPNI) for all angles since

. this average is a measure of how much error there is between the predicted and

measured values. The standard deviation then provides a measure of the vari-
ability of this quantity about the mean. For the ideal case where BPFma =
BPFPNI for every angle on Figure 3, then BPFma - BPFPNI = 0, the mean of
these quantities and the standard deviation would be zero. If the mean is
negative, this implies an overprediction on the average. The mean, denoted by
(BPFma - BPFPNI)a, for the data of Figure 4 was found equal to -3.0

while the standard deviation was 1.7 dB.

OPF,,, ~ 68 (17308 L)
3

NO ICS APPROACH 30' FLAP

Qaiw-w

Oaw - 100
(.'. - -'.~'I. . 308
ATANDARD DEVIATION « V.70

e 10 08—

BPF oy ~ 80 {1/3088PL)

Figure 4 Predicted BPF (no ICS) Compared With Average of Flight Data;
Approach 30° Flap
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The BPFp; vs. BPF o P10t for the ICS prediction is shown in Figure 5. The _
data points in this figure are much closer to the BPFP = BPFm 1ine indica-
ting an improved prediction. In this case (BPFma - BPFPI)a was found to

be equal to 1.2 +1.6 dB, showing much better agreement of the prediction with
the flysver data when static data from an ICS is used, with about the same
scatter,

1048

IC8 APPROACH 30° FLAP

D 2200 - 90

QO 298 ~ 0
('Fm - .F"). = 1248
STANDARD DEVIATION = 1.648

1048 -

P S

PR

4 BPF » - dB(1/30B8PL)

Figure § Predicted BPF ( ICS) Compared With Average of Flight Data;
Approach 30° Flap
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Plots of BPF vs. angle for approach, 25° flap, are shown in Figure 6.
Measured BPF values are 3-7 dB below the no ICS prediction at all angles. The
ICS prediction is very close to the measured data, with the measured BPF
values falling within the range of variability of the prediction at most
angles. The BPF flight average vs. angle curve for an approach, 28° flap,
does not show the rise in BPF value at overhead which was shown for the
approach 30° flap case in Figure 2.

Plots of 2 BPF vs. angle are shown in Figure 7. As was the case for approach
30° flap, the ICS has little effect on 2 BPF levels. The 2 BPF prediction
shows a peak at 50° which was not evident in the measured data. This
characteristic was also evident in the approach 30° flap case. The measured
2 BPF curve peaks at (20°, 3 dB above the prediction, At all angles greater
than 70° the predicted 2 BPF curves are 2-5 dB below the measured 2 BPF
values. In short, the 2 BPF vs. angle curves show little effect of the ICS
and are very similar for the two approach cases.

Figure 8 shows a piot of BPFPN& vS. BPFma for the no ICS case. All of the
points on this plot, except 20°, are well above the BPFm = BPFP line,
indicating a consistent overprediction. (BPFma - BPFPNI)a was found to

be equal to -4.5 +1.4 dB, supporting this observation,

A plot of BPFPI vS. BPFm is shown in Figure 9 for the ICS case, The data
points on this plot are grouped around the BPFm = BPFP line, showing an
underprediction in the smailer angles and an overprediction in the larger
angles. The proximity of the data points to the BPFm = BPFP line is in-
dicated by (BPFma - BPFPI)a being equal to -0.1 +1.4 dB.
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Narrow band spectra showed that the SPL levels of the one third octave bands
containing the BPF and 2 BPF tones were set by the tones and not the buzz saw
harmonics contained in those one third octave bands. The plots of BPF vs.
angle for takeoff are shown in Figure 10. These plots show the ICS prediction
to be slightly better than the no ICS prediction in the forward angles. The
ICS prediction in this region is 0-5 dB above the measured data as compared to
a 3-5 dB overprediction from the no ICS data. Near overhead (90-105°) the

ICS predicted and measured BPF values are very close, with the measured data
falling within the range of scatter of the predicted curve. In this region,
the NO ICS prediction is 1-2 dB above the measured data. Through the aft
angles (110%-140°) the no ICS prediction is 2-5 dB above the measured data
and the ICS prediction is 1-5 dB above the measured data. It should be noted
that measured and predicted BPF curves have similar shapes.

Two BPF vs. angle plots are contained in Figure 11, As was the case for
approach, the ICS changes 2 BPF levels slightly. In the angles 40 to 600.

the no ICS prediction is 1-2 dB above the ICS prediction. The two prclictions
are essentially identical for the rest of the angles., The ICS prediction is
approximately 8 dB above the measured 2 BPF values for the angles 50 to 70°.
For all angles larger than 70°, predicted 2 BPF values are 1-4 dB above the
measured data.

Figure 12 contains a plot of BPFPNI vS. BPFma for the no ICS case. Most
data points on this plot are well above the BPFm = BPFP line, indicating
an overprediction. A statistical evaluation showed (BPFma - BPFPNI)a to
be equal to -3.2 + 1.5 dB.

A plot of BPFPI VS, BPFma for the ICS prediction is shown in Figure 13.
Aqain all the data points are above BPFm = BPFP curve indicating an over-
prediction. The value of (BPFma - BPFPI)a for the ICS prediction was

equal to -1.8 +2.3 dB, indicating an improvement over the no ICS prediction.
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Cutback

The BPF vs. angle plots are shown in Figure 14. In the forward angles, the
biggest discrepancy between predicted and measured BPF values occurs between
30 and 60°. In this range, the no ICS prediction is 8-11 dB above the
measured BPF values, and the ICS prediction is 3-7 dB above the measured
values. In the range of angles 70 to 90° both predictions improve; the no
ICS prediction is 1-2.5 dB above the measured data and the ICS predictions
agree well with the measured BPF values. The measured data falls off faster
than either of the two predictions in the aft angles (95-140%). In this
region the no ICS prediction is 3-6 dB above the measured data, and the ICS
prediction is 1-4 dB above the measured data.

Figure 15 contains 2 BFF vs. angle plots. These plots show that the effect of
the 1CS is small i- the forward angles (30 to 70°). In this region, both
predictions are 5-12 dB above the measured data. For the angles (so-120°).
the no I1CS prediction is similar to the ICS prediction and approaches the
measured data towards overhead. In the aft angles (1300-140°) the no ICS 2
BPF prediction is 2-6 dB below the measured 2 BPF values and the ICS predic-
tion is closer, being 1-4 dB below the measured values.

Figure 16 shows a plot of BPFPNI vs. BPFm for the no ICS case. The data
points for each angle are all above the BPFm = BPFP line, indicating an
overprediction. The value of (BPFm - BPFPNI)a was calculated to be equal
to -5.0 +2.7 dB. Figure 17 shows similar plots for BPFPI Vs BPFm, for the
ICS case. Again overprediction is indicated, with the value of (BPFm -
BPFp ), calculated to be - 2.6 + 2.3 dB.
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Discussion of Data Variability

The variability in measured flyover data for BPF and ?BPF is shown hy come
paring average BPF and 28PF levels {levels averaged between 2 similar runs and
shown in Figures 2, 3, 6, 7, 10 and 11) with BPF and 28PF levels from a single
run ., This comparison was done for 31l powers except cutback, where only one
set of flyover data was obtained. Because the averaging was limited to two
runs, these comparisons can provide only an indication of flyover data
variabilityv. In those cases for which repeat flyover data was availahble, the
difference batween the mean and the actual sanple is in qeneral less than 1,8
d8, Thus, the variability in tha flyover data was small,

The variability in the measured static data relative to the spline fit curve
regressed through the Jata is represented by the bars through the predicted
BPF points (see Fiqures 2, A, and 10). Tne variability is more substantial
than for the flyover data, peaking at a value of +1,6 dB (representing a
difference of 3.2 dB) near the overhead angles and decreasing to +0.5 d3 at
20° and 40°, Because of this variability in the data the assessment of the
static test procedures can only he mnade to within ahout +1.R dB,

[t should be noted that the standard deviation def ined meeviously is related
to the differences between the predictions based on the mean of the static
data and the mean of the flyover data, and is not directlyv related to the
variability in the data (i.n. aven if data variability for hoth data sets is
zero, there could he a d'fference hetweon the predicted anu measured values),
This standard deviation ranged from 1,4 to 3.0 dB. [f this is conpared with
the sanewhat smaller variability in the dJata, which is typically #1.6 d8 or
1ess, tre conclusion can be drawn that the differences between the predictions
basad on the mean of the static data and the mean of the measured flyover data
are statistically significant and are a wmeasure of the accuracy that results
if statiz data is used to predict Flight,

PUR



Discussion of ICS Effectiveness

In each of the conditions examined, a statistical analysis of the measured
flight mean BPF tone minus the predicted value based on the averaged measured
3 static data projected to flight was carried out to indicate if:

a) Use of an ICS improved prediction accuracy.

~

b) Use of an ICS reduced the scatter in the difference between measured and
§ predicted noise levels.

Figure 18 shows a table of the results of the statistical analysis. Considering
first the analyses for each power setting, it is clear that uifferences be-
tween the predicted and measured data are reduced with the use of an ICS. In
fact, if differences are averaged for all power settings and angles it can be
seen that without an ICS, BPF is predicted 3.9 dB higher than measured. Use of
an ICS results in only a 0.8 dB overprediction, a significant improvement. If
the standard deviations in Figure 18 are studied, it can be seen that the use

. § of an ICS does not significantly alter the scatter of the predictions relative
to the data.

L NO ICS WITH ICS
ff FLIGHT CONDITION (BPF ., -BPFpy 1), (8PF, -BPFp, ),
d8 d8

APPROACH 30° FLAP -3 4.7 1.2 +1.6 dB
APPROACH 25° FLAP -4.5 +1.4 0.1 +1.4

f TAKEOFF 3.2 4.5 -1.8 2.3

CUTBACK -5.0 +2.7 -2.6 42.3

AVERAGE OVER ALL ANGLES AND

Figure 18 Comparison of Averaged Neasured Minus Predicted Values of BPF Tone
for Cases with and Witho:t an (CS.
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Based on the BPF comparisons discussed above, data obtained statically from a
JT9D engine with the PWA ICS installed and projected to flight, on the average,
gave predictions that were 0.8 +1.9 dB higher than measured. Similar data
projections without an ICS, gave predictions that were 3.9 +1.8 dB higher than
measured. Since the variability in both sets of measured data is on the order
of +1.6 dB, the agreement between the ICS prediction and the measured data on
the average, is probably as close as can be expected.

Review of the 2 BPF static data shows that the effect of the ICS on the
radiated sound field is small, Differences in comparisons of predicted with
flight for 2 BPF should then be caused primarily by errors in the corrections
used for prajecting static data to flight or data scatter. For the two
approach and cutback conditions the predictions are higher than the measured
for the forward angles and lower for the aft angles, For the takeoff case, the
predictions are generally greater than the measured for all angles. These
canparisons suggest that a possible reason for the discrepancy is that the
convective amplification correction may be too high in the forward quadrant
and too low in the aft, A reduction in exponent from the value of four
commonly used would result in improved agreement between the predictions and
the measured data. This observation is based on the limited data comparison
contained herein, and is not conclusive. The corrections used to project
static data to flight are consistent with the current state of the art, It is
difficult to pinpoint errors in any one of these corrections (i.e. convective
anplification) as being totally responsible for the observed differences
between predicted and measured flyover data. Other corrections that could have
errors in them include, long distance propagation in the atmosphere, i.e.,
sound is scattered by turbulence in the atmosphere, an effect which is
currently not included in th2 corrections. Additionally, extra ground attenua-
tion is presently an empirical correction whose physical origin has yet to be
defined. Non-linear sound propagation effects became significant at large
propagation distances, an effect not included in the corrections. Refraction
of sound by velocity and temperature gradients in the atmosphere are not
included in the predictions, although they can be partially included by use of
a layered atmosphere, Reflection and diffraction caused by an aircrafts'
wings and fuselage are not included in the corrections. In view of these
possible omissions, it is recommended that thuse corrections be further
assessed and improved as required.
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Further evaluations of the PWA ICS and evalua fon of the Boeing ICS are re-
ported in Reference 4, Comparisons are made at the spectral level for three
angles using data from both ICS's for approach and takeoff power, (see Figures
21, 22, 23, 24 of Reference 4), As is evident, there is very good agreement
between the flyover data and the static data projected to flight. In addition,
since FAA noise certification procedures require assessment of noise levels in
terms of Perceived Noise Levels (PNL), PNL time histories are also compared in
Figure 25 of Reference 4. Ajain very good agreement results,

From the above discussions, the following conclusions can be drawn.

o The use of an ICS in static fan noise testing of high bypass ratio (HBPR)
engines, combined with a comprehensive static-to-flight projection tech-
nique, provides an improved method for obtaining predictions of flight fan
noise levels using static data,

o0 The ICS effectiveness has been demonstrated for the JI90-7 engine type.
Other HBPR engines with different fan noise characteristics may show
different acoustic results, anc¢ further evaluation using other engine
data, such as that from the JT15D0, would be beneficial in further
verifying ICS effeciiveness,

4.5 Work Plan For Further Evaluation of the Procedures Report (Phase III,
Task E)

During the contract period, support was provided to NASA to help in planning
their JT15D test programs and interpreting the resuiting data as well as
heiping in coordination of the contract. As part of this support, periodic
reviews were held with NASA Langiey and Lewis describing results of Pratt &
Wwhitney Aircraft studies and making suggestions for NASA's programs based on
experience in the Pratt & Whitney Aircraft/Boeing Joint Noise Program, In
addition, written comnents on NASA's JT15D inctaliation on the OV-1 were also
provided. This provided a familiarity with NASA's programs, which when coupled
to the results of this contract and the results of the Prat' & Whitney
Aircraft/Boeing joint program, have indicated the nced for further work,



suppiemental to NASA's current plans, A work plan defining the various
elements of this further work has been defined and is included as Aopendix [V
of this report.

The elaments suggested as requi~ing further work are outlined below:

[. ICS's
1. Assess NASA ICS desiqgns using Procedures Report,
2., Assess Procedures Report hy projecting static data to fiight and
comparing to JTi5D fiight data and update Procedures Report.
3. Define additional test programs required based on rescits of 1) & ?)
above.

II. Ames Tunne:
4., Define corrections requires to project Ames tunnel data to flight.
5. Assess effectivenass of Ames tunnel as a simulation of flight.

II!. Rin Testing
6. Assess effectiveness of rig testing in anechoic chamber with ICS as
simulation of flight.

IV. Inlet Boundary Layer Simulation
7. Assess importance of this simulation.
8. Develop inlet design and boundary layer controi methods if shown to
be necessary in Step 7.

V. Misc,
9. Provide technical assistance to support NASA in JTI5D fiyover program.
10. Conduct investigation to define starting conditions for inflow dis-
tortions generated by the fiow over the ground plane and stand
structure,
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5.0 RESWTS, CONCLUSIONS AND RECOMMENDATIONS

Major conclusions and recommendations from Phase I and Phase II, as they
impact the development of the procedures report, are listed below along with
the major conclusions and recommendations from Phase [II. Inclusive lists of
conclusions and recommendations from Phase I and Phase Il are given in
References 1, 2, and 3.

5.1 Results and Conclusions

Phase I

1.

2.

Based on a literature search, an atmospheric turbulence model has been
selected that predicts turbulence intensities, integral scales and spectra
as a function of the altitude above the ground, the mean wind velocity,
the surface roughness and atmospheric stability.

The difference in fan tone sound power at BPF due to ingested atmospheric
turbulence between typical static test conditions and typical landing
approach conditions is on the order of 30 dB, Based on this difference, it
is concluded that fan noise due to ingested atmospheric turbulence is
negligible in landing approach conditions for the currently used high
bypass ratio engines.

Fan tone noise due to convected turbulence is dominated by the distortion
elements within a small range of transverse scales. For typical turbulence
energy distributions this range covers about one decade and is centered
around a transverse scale in the order of 30X of the rotor blade spacing
at the blade tip. For a given turbulence variance, maximum sound power
levels are achieved at transverse integral scales in the order of 25X of
the rotor blade spacing at the blade tip. For a JT9D fan this is about 4,1
cm and for the JT15D fan it is about 1.3 om,
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Duct, inlet and fuselage pressure variations, measured during flyover
tests of a 747 equipped with JT9D engines, indicate that there is no
obvious correlation between inlet angle of attack changes and changes in
broadband noise as well as narrowband noise at the first three hamonics
of the fan blade passing frequency.

Phase [1

5.

8.

Using analytical models and test data on the effects of contraction and
screening on steady and unsteady distortions, an ICS design system was
developed. Honeycomb was found to be particularly effective in removing
transverse velocity distortions.

ICS propagation effects caused by corners and structure such as those in
the PWA ICS were found to be controllable to levels within the repeat-
ability of measured far-field acoustic static data. The following tech-
niques should be used to minimize transmission effects; design which min-
imizes corners, sharp changes in ICS radius and support structure other
than the honeycomb/perforated plate covering; controlled speed variations
of the order of 0.5% during the time period acoustic data is obtained.

Analysis of Blade Mounted Transducer Data, obtained without an ICS, showed
that significant amounts of inflow distortion were generated by the flow
over the ground plane and stand structure.

The ICS design system velocities predicted for the ICS case were 2-4
orders of magnitude less than the velocities inferred from BMI data. This
indicated that the BMT signal was set by phenamena other than inflow dis-
tortion. Velocities calculated fram hot film data were in much closer
agreement with the design systewn predictions.
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Phase 111

9.

10.

5.2

An Interim Procedures Report was developed that gives step by step
instructions for the design of an ICS, the conduct of the static test
program using the ICS mounted on an engine and the projection of the
resul ting static data to flight,

Assessment of the Procedures Report using flyover data from a 747 equipped
with JT9D engines and static data from tests of a JT9D engine operated
with and withou: an ICS showed that use of data obtained from the PWA ICS
design projected to flight improved the agreement between flyover data and
static data projected to flight by 3.1 dB for the blade passage frequency
tone. A similar assessment resulted when data obtained with the Boeing ICS
was used.

Recommendations (A1l Phases)

Assess and improve Interim Procedures Report using NASA JT15D static data
obtained with an ICS and flyover data to be obtained during flight tests
with a JT15D0 engine mounted on the OV-l.

Assess the importance of and develop a system to provide inlet designs for
use in static testing that properly represent the aerodyamic properties
and the acoustic radiation characteristics of flight inlets operated in
flight.

Assess the validity of testing in the Ames Wind Tunnel by developing and
applying corrections for prajecting wind tunnel data to flight and by
comparing with JT15D0 flyover data to be obtained during flight tests of
the Ov-1.
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4. Assess the validity of testing fan rigs in anechoic chambers with ICS's by
projecting data from such tests conducted with the JT1SD engine to flight
and comparing with the flyover data to be obtained during flight tests of
t',\E Ov-lo

5. Conduct analytical and experimental studies to define the distortion
velocity field induced by flow over the ground plane and engine test stand
structure.

6. Investigate further the need to:

a) Account for the three-dimensional noise field of a fan during
static testing.

b) Obtain test data with variable fan speed.
c) Use different nozzle areas for static testing than used in
flight or generate an appropriate set of corrections to properly

account for flight ram effects during static testing.

7. Further assess, and improve as required, the static to flight projection
met hodology.
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APPENDIX 1
INTERIM PROCEDURES REPORT

PROCEDURES FOR THE DESIGN OF INFLOW CONTROL STRUCTIWRES, STATIC
TEST TECHNIQUES AND PROJECTION OF STATIC DATA TO FLIGHT

1.0 INTRODUCTION

A difference exists between fan flyover noise predictions, based on static
engine test data and measurements made during aircraft flyovers. This differ-
ence in fan noise, which is observed primarily in the blade passing frequency
tones, is ascribed to distortions in the fan inflow field that exist during
static testing but not during flight. The inflow distortions present stat:
cally, but not in flight, include:

i) Steady and quasi steady distortion induced by flow over stand
structure and the ground plane.

ii) Turbulence induced by flow over stand structure,

iii) Distortion of atmospheric turbulence caused by the 1arge con-
traction of the mean flow that occurs during static testing.

Effecti ve suppression of these distortions can be provided by use of hemisphe-
rically shaped Inflow Control Structures (ICS), placed upstream of the fan,
that are constructed of honeycamb and perforated plate. An example of an
Inflow Control Structure, constructed by PWA and mounted on a JT9D engine, is
shown in Figure 1A, This design is an octagonal (flat panel) approximation of
a Hemisphere of 24 foot equivalent diameter., The panels consisted of about 50%
open area perforated plate face sheets with 1/d = 8 honeycanb backing. A
second generation Inflow Control Structure built by Boeing and also used on a
JT9D emgine is shown Tn Figure 1B. Both of these Inflow Control Structures
have been shown to be effective in reducing inflow distortion generated noise

to levels canparable with those measured in flight (see References 1, 2 and 3).

ORIGINAL PAGE IS
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Pigure 1A Pratt & Whitney
Bngine

Alrcraft Inflow Control Structure Nounted on JT9D

rigure 12 Boeing Inflow Control Structure Nounted on JTID Bngine
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The purpose of this interim procedures report is to provide siep by step
instructions for:

i) Designing an Inflow Control Structure for pplication to a
specified engine.

fi) Obtaining static test data with the Infiow Control Structure
installed.

i1i) Projecting the static data to flignt.
This procedures manual has been formul ated using results from NASA Contract
MAS1-15085, “Forward Speed Effects on Fan Noise" (see References 3-6), and
from a Boeing/PWA joint program (See References 1 and 2), for the aevelopment
of static testing techniques.
The procedures manual is divided into the following sections:
i) Inflow Centrol Structure Design System

i1) Static Testing ani Data Recording and Analysis Procedures

i1i) Projection of Static Data to Flight

2.0 INFLOW CONTROL STRUCTWRE DESIN SYSTEM

Development of the system presented below for the design of Influw Control
Structures is described in detail in Reference 6. Only the step by step proce-
dure is given here. Two design procedures are given, one that results in an
Inflow Control Structure design for suppression of turbulence to calculated
inflight turbulence levels and the other that results in a design for suppres-
sion of steady distortions to calculated inflight turbulence levels. Tha most
conser vative design is then selected for construction. Note that Honeycomb is
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used to remove primarily the azimuthal velocity components of inflow distor-
tion whereas perforated plate reduces predominantly the streamwise velocity
component of the inflow distortion,

2.1 General Information

. Determine inlet velocity at lowest operating condition - Us
2. Determine maximun ambient wind velocity in test window - UA
3. Compute design speed at Inflow Control Structure - Ures

4. Determine inlet radius - Ry

5. Conmpute nominal radius of Infiow Control Structure - RICS

_ T
Rrcs = Ro 4/ - o
1S

6. Determine fan rotor biade number - B

7. Canpute minimum sensitive transverse scale - Anip
) vRo

Amin - OB

8. Compute final contraction ratio (Inflow Control Structure to inlet) - L

Yo

e e

£
1F Ulcs

[Note: Initial contraction ratio, from atmosphere to Infiow Control Structure,
!11’ is equal to 1.5 by design]

9., Canpute minimum sensitive transverse scale at Inflow Control Struc-
ture (R ) ,
- v min/ ICS

172 \

= lIF min

( Amin ) ICS
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10. Conpute characteristic detail dimension of Inflow Control Structure

material - d0g (e.q. Honeycamb cell size)

( Amin )ICS
dicg = © 10

I1. Canpute Reynolds Number of honeycomb cell - Re

Ures Y1cs

Re =
v

2.2 Atmospheric Turbulence Design

2. Determine engine height . z , roughness scale 23 (See Figure 2)
static reference height (engine height) Zoup static reference wind
speed (max. wind speed in test window, Figure 3)UPEF.

13. Compute RMS value of turbulent velocity in capture stream tube during

static operation - e
2

Uas

1/3

—3 .404 R0 JREF o

I15. Canpute characteristic length scale of turbulence in capture stream-

tube during static operation - Lag

172

- &
L «355 R() l]b‘

AS
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Figure 2 Values for Surface Roughness Scale 2p (Ref, 18)
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WIND VELOCITY
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AXIS AXIS

WIND DIRECTION (°)

Figure 3 Typical Wind Limit Used in Static Fan Noise Tests
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16.

17.

20.

2.

Determine, for flight operation, engine height 2z, roughness
scale z (Figure 2), flight reference height - flight refer-

nce wind speed -
¢ be UREF‘

Zper

Canpute RMS value of turbulent velocity in capture stream tube in
flight - -

YAF

1/3 2-1/3

u

T -464 R, REF
- 1/6

AF z
tn Ez'_ fn I;EF )
o o)

Canpute characteristic length scale of turbulence in capture stream-
tube in flight - L

2/6

AF

LAF = ,355 Ry

w

Canpute limits of sensitive wavenumber ranges - kl v kyy o0 ko
K3y o+ K3y,
. B = - 108 = = B
Ky =r-r Kau TRy = R Ko T K3, T
(8] o (8]

Compute in flight turbuience field characteristics - Np + Tg

_ iiuAF Y =
F ' F o Lyn
n LAF AF

Determine blade relative inflow angle at tip - ¥'
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22. Conpute characteristic length scale of turbulence behind Infiow Con-
trol Structure - L

I1Cs
L
_ 4 AS .
Pres = 3 £,,172 if >1
= LAS Otherwise
23. Canpute the parameters p and s
2 2
_ Ko Lyes
P =g s=p+l
1P
24, Compute maximum value of fiow angle ratio product - o, o
32v N L K *
_ " Np bag . s {kyy - Kyp ) ¥
aPaH— .

3
A Tt o) Do T
hir fir 7 Yas 2 ko *Yp [ K3y + Ky

1/2

25. Solve the equation for perforated plate (gauze) flow angle ratio -a

3 2
Zap + ap 1.21 ap B 2/3
3 = ,866 ap oy ﬂlI
¢p + 1,21
_ -1/4
ap + o.p uH .201 Re ap [ln up aH - &n ap]

-1/4
o + “P a” ( 1 + .201 Re [ln ap aH - in ap] )
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26. Conpute resistance of perforated plate (gauze) - Kp

- -2
hp = 1,21 an -1

27. Campute flow éngle ratio of honeycamb - a,

@p Oy

ey =

P

28. Canpute resistance of honeycomb - K,

- - -1/4
KH = .201 Re in aH

2.3 Steady Distortion Design

29. Determine maximum azimuthal velocity in vortex - U,,

30. Compute maximum value of flow angle ratio product - @) Oy

u
AE_

Usn

Op @y ©

31. Determine maximum pre-contraction streamwise velocity deficit - AU A

32. Solve the equation for the perforated plate (gauze) flow angle ratio -@p

3, 2 T 2
p "% P .V AF

o I i 1A
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33. Canpute resistance of perforated plate (gauze) - Ko

- -2
Kp = 1.21 @, 1

34. Compute flow angle ratio of honeycomb - o

H ap

35. Conpute resistance of honeycomb - Ky

K. = - .201 Rre /4

H in oy

Conservative Design

36. Compare resistance of perforated plate (gauze) for atmospheric turbu-
lence and steady distortion designs (Items 26 and 33). Choose the

larger - K,

37. Canare flow angle ratio of honeycomb for atmospheric turbulence and
steady distortion designs. (Items 27 and 34). Choose smaller - ay

38. Canpute honeycomb iength to diameter ratio - ¢
d

t 1
g= "7 inoay

39. Determine perforated plate open area ratio from Baines and Peterson
plot Figure 4-0P

40. Determine the maximum mach number of flow incident on the Inflow Con-

41, Plot perforated plate thickness, zp. against hole diameter dp,
using the transmission loss criterion of less than one dB8 in the 24th

one - third octave band.
172

2
t, 5.39.107° [5'04 - (2*Kp MIC;)] Op T (1 - °p) dp

42. Select a perforated plate thirkness and hole diameter consistent with
the estimate of dICS in Item 10,

A - — - o
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Kp — PRESSURE DROP COEFFICIENT
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SOURCES BAINES AND PETERSON,
“AN INVESTIGATION OF FLOW
THROUGH SCREENS" ASME
PAPER 50-A23, 1950,

P. 487-400.

CURVES VALID FOR DIAMETER REYNOLDS

/\_@ | A@ NUMBERS OF 10°-10°,
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/ @.. «+-- = THICK PERFORATED PLATE WITH
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@'““ SQUARE MESH - SOUARE BARS
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i I} i [ ] | |
10 .20 30 40 50 .60 .70 .80 .901.0
SOLIDITY
Figure 4 Pressure Loss Coetficient 1s a Function of Solidity
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3.0 STATIC TEST PROCEDURES, DATA ACQUISITION/ANALYSIS PROCEDURES

In Section 2 a design system for an Inflow Control Structure has been out-
Tined. Such Inflow Control Structures will reduce the differences in fan noise
due to inflow distortion between static and flight conditions, However, numer-
ous other causes for differences in fan noise between the two conditions still
remain, Sane of these differences can be minimized by the use of proper static
test procedures and proper data acquisition and analysis, others are not well
understood and need further research. This section provides recommendations
concerning static test procedures and data acquisition/analysis procedures.

3.1 Test Stand Structure

The test stand structure causes distortions in the fan inflow field and af-
fects the sound pressure field generated by the engine. Minimization of these
effects should be considered in future test stand designs.

3.2 Inlet Geametry

The inlet geaometry affects the mean flow field as well as the boundary 1ayer
in the inlet., It also impacts the sound pressure field radiating into the for-
ward arc. Based on the information presented in References 7, 8 and 9 and Ap-
pendix II of Reference 3, it is recommended that:

- The inlet contour between throat and fan face used in static
tests should match the flight inlet contour,

- The exterior bellmouth should be minimized in size to a point
where it still provides small peak velocities in the throat
highlight area and a well attached boundary layer at the fan
face. The belimouth used in the static test configuration of
Reference 10, satisfies these requirements. Its cross section
is elliptic and its nomalized half diameters are (See Figure

54) . A x4 b ..
Ry Ro

48

e s

A 0 e et e < 3



FAN

THROAT
PLANE 7 : FACE

/ V
i
HIGHLIGHT. : FLIGHT
PLANE
|
Voo ; _ _
MOUTH '
BELLMOUTH «— — -—1 R,
—L \ STATIC
b [ ee—
_L N - \—lNTERNAL INLET
CONTOUR
Figure 5 Inlet Geometry

3.3 Engine Geametry

The significance of the three dimensional character of the sound pressure
field radiating fran a turbofan engine is not known at the present time (see
Appendix 11 of Reference 3). Until the significance of this phenomena has been
evaluated, it is recomended that the engine geometry be kept identical be-

tween static and fiight tests.

3.4 Nozzle Geametry

The use of an Inflow Control Structure results in a negligible pressure drop,
and therefore does not alter the fan operating conditions. However, the fan
operating line differs between static and flight conditions due to the ram
pressure rise in flight. Based on the simple analysis presented in Appendix I1
of Reference 3, it is concluded that the operating 1ines could be matched by
the use of a variable fan exhaust nozzle in static tests. The effect of the
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changes in the fan operating 1ine on the fan noise generation are not well
known at the present time. Until the magnitude of the resulting differences in
the fan sound pressure field have been evaluated, it is recommended that the

f an exhaust nozzle hardware be identical for static and flight tests.

3.5 Instrumentation Recommendations

Acoustic Instrumentation

The acoustic instrumentation for static fan noise tests consists of a circular
array of microphones at a distance of 20 to 40 inlet diameters fram the engine.
Based on extensive experience with ground and pole microphones an array of
ground microphones and/or pole microphones is recommended. An exampie showing
suggested spacing is shown in Figure 6.

X b
60 120
/ 160
o)

0 INLET NOZZLE .
©® GROUND MICROPHONES

X POLE MICROPHONES

Figure 6 Microphone Array for Static Fan Noise Tests
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One-half inch condensor microphones are recommended. They provide essentially
flat frequency response from 40 to 10 KHZ at grazing incidence, are rela-
tively insensitive to temperature and humidity variations, and can be cali-
brated electrostatically.

The ground microphones are mounted 1/2 inch above the ground facing downwards,
The microphone support mounted on a thin flat plate bonded to the concrete
surface must be designed to have negligible effects on the sound pressure
field. Cables should be routed from the far side of the array to the
microphones and should be brought underground if they cross the test arena.

Microphone specifications should be the same as in FAR Part 36 Appendix A.
Meteorological Instrumentation:

Atmospheric conditions within the test arena affect tone noise generation as
well as the sound propagation fram the engine to the far-field microphones.

The atmospheric conditions are characterizec by the following parameters:

) (atm) static pressure

T % static temperature

RH % Relative humidity

Vu m/s Wind velocity

6 0 Wind direction relative to inlet axis.

In a first order approxination the acoustic pressure is proportional to the
anbient pressure, However, most static tests are conducted rlose to sea level
altitudes and therefore the ambient pressure covers only a small range, For
practically all static test conditions, corrections for static pressure
changes are not necessary,

Tanperature and hunidity affect the atmosoheric absorption, Ambiant temper-

ature is expected to vary only weakly in a horizontal plane, but it can he a
strong function of height above ground. In static tests with ground micro-
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phones, it is recommended that the ambient temperature be measured at several
heights between the ground and the engine height. The follow!ng measurement
heights are suggested: the microphone heights, at the engine centerline, near
the hunidity measu-in; device, and one foot off the measur ment surface.

The absolute humidity is not expected to vary significantly within the test
arena. The relative humidity will however change with the temperature, Several
anbient temperatures (i.e., as specified above) and a single dew point mea-
surament within the test arena are expected to provide sufficient information
about the relative humidity distribution. Ambient and dew point temperature
measurement accuracy should be .3%C. This will provide an a~ceptable rela-
tive humidity accuracy of +3%,

Aind wlocity and direction can affect fan noise sources as well as sount
propagation. wind valocity ~astrictions in static enjine tests are ryt well
def ined, A Tow (hreshold, ai~ bearing cup anemoneter provides w#ind velocity
information of sufficient accuracy (+.22 M/S between .147 and 6.71 M/S). Since
wind velocity and direction nay vary simificantly over the duration of a test
poiat, they shoild he receorded continuously for esach test point,

Engine Performance Instrumentation:

Instrumentation for all standard engine performance oaraneters should he
avaitadle. Enjine perfommanca instrunentation to satisfy qeneral and specific
measuranent neads e requ’red to ensure stahle, repeatable, and comparable
engine operating characteristics when conducting noise measurement tests.
Noise tests conducted on high bypass ratio fan engines require accura.e mea-
surament of several important fan parameters. Among these are fan rpm, fan
pressure ratio, fan mass flow rate, fan temperature ratin, engine thrust, and
fan exhaust area. Additional engine performance parameters are required when
measuring particularly for jet exhaust noise generation. These pars—eters
inctude nozzie temperatures and pressures, overall pressure ratio, and primary
engine exhaust ¢-ea. A total engine noise test would require at least all of
the above mentioned parameters plus any other special fiow and aerodynamic
parameters that might be required for special noise tests. Ambient conditions
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of temperature, atmospheric pre: sure, humidity, and wind speed and direction
must also be measured as described above, in order that the measured engine

performance parameters can be corrected to standard conditions for effective
noise measurement camparisons.

3.6 Test Condition Recommendations

In this discussion the term test point is used to describe a time period dur-
ing which acoustic data are acquired while the engine operates in a stabilized
condition.

Test Point Characteristics:

Each test point is characterized by a set of corrected engine parameters
(corrected rotational speeds, corrected mass fiow rates, component pressure
ratios). For typical static test conditions, the relationships between the
various corrected engine parameters are unaffected by the ambient atmospheric
conditions. A single corrected engine parameter can therefore be selected to
characterize the various test points. In static tests concerned with fan noise,
it is reasonable to select one of the parameters that describe the thermody-
namic cycie of the fan. The corrected fan speed N@/JE’which is directly related
to the fan tip Mach number is one of the corrected parameters that describes
the fas cycle., It is easily measured and provides a reliable signal. It is
suggested that NIA/G be used to characterize the test points in static fan
noise tests.

Engine Operating Point Variability for a Test Point:

Engine transients between test points resuit in very low frequency thermody-
namic transients in various engine components. In order to provide stable
engine operating conditions at a test point, a stabilization period of at
least 2 minutes is recommended before each test point. Unsteady distortions in
the inflow field of engines typical for static test conditions cause signifi-
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cant fluctuations in the engine operating conditions, These fluctuations are
greatly reduced with an Inflow Control Structure. Without an Inflow Control
Structure corrected speed fiuctuations for a test point vary typically | per-
cent of the corrected fan speed. With an Infliow Control Structure they are
reduced to about .3 percent. Corrected fan speed differences between the vari-
ous engines on an aircraft in a flyover noise test are typically in the order
of . percent of the average corrected fan speed. The reduced corrected fan
speed fluctuations in static tests with inflow control will likely result in
lobular directivity patterns at the fan BPF and its harmonics. It is necessary
to consider how to use the static data, with its lobular directivity pattern,
to predict flight, which aiso has lobuiar directivity patterns and engine to
engine speed variations, which tend to average out the lobular patterns.

There are two methods for accouniing for this variation. The first method is
to obtain static noise data at many fixed corrected speeds, predict flyover
roise levels at a series of corrected speed values simulating a typical fly-
over speed variation, and average the resulting predictions. The second method
is to simulate the fiyover corrected speed variation during the data acquisi-
tion in a static noise test and predict a single flyover noise level fram the
static measurement,

The two methods differ fundamentaliy in the procedure for simulating the cor-
rected speed variation in fiyover measurements, In the first method the cor-
rected speed variation is directiy simulated by making flight noise predictions
at a series of corrected speeds while in the second method the flyover speed
variation is simulated in the static data acquisition process. The second
method is an approximation to the procedurally correct method one and will

produce the same answer as method one oniy if the transformations that are
used to predict fiight noise ievels from static measurenents are linear. How-
ever, the second method may be more practical to implement than method one,

In addition to being more practical, the second method has two other advan-

tages. First, analysis of the effect of an inlet control screen on fan noise
directivity has demonstrated that, for a specific source structure, the screen
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can, if it contains discontinuities, alter the source directivity via diffrac-
tion effects. These diffraction effects can be eliminated (i.e,, average to
zero) if the engine speed is varied slightly to produce a varying source
structure. (It should be noted that the contractors experience with Inflow
Control Structures on the JT9D engine has shown these diffraction effects to
be snall). Second, fan noise directivity is very lobuiar and sensitive to cor-
rected speed, and varying corrected speed slightly during a static test will
produce a better estimate of fan noise at a nominal speed than data obtained
with corrected <need held strictiy constant. In the past, before the use of an
Inflow Control Structure, the fan directivity patterns that were measured were
much smoother. Accordingly, problems presented by the lobular directivity pat-
terns were not encountered, and neither of the above methods have been used by
Pratt & Whitney Aircraft and Boeing. A variant of the first method has been
used where a relatively smaller numnber of speed points were used to define the
noise versus speed characteristics of the engine, and flight predictions were
made for a nominal flight speed. Therefore it is difficult at this time to
select one of the methods as being the preferred one. The selection is best
made by the user depending on constraints unique to his case, e.g. test time,
test costs, available data reduction and processing eguijpient, etc,

Duration of Test Point:

One-third 0.8, spectra for the 40 Hz to 10 KHz frequency range are usually
based on samples of a duration of 32 seconds. A test point duration of 1
minute is recommended. A minimum of three repeat points per test point is
recommended.

Temperature and Relative Hunidity Restrictions:

In flyover testing with its inherently long propagation distances between the
source and the microphone, atmospheric absorption has a significant effect on
the measured data. In this situation a tight restriction on air temperature

and humidity is required (FAR PART 36 test window, Figure 7). In static tests
the propagation distances are much shorter and a less restrictive test window
is acceptable. In the past, static test windows have usually retained the
relative humidity limits (20 to 95%) as well as the no precipitation condition,
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The lower temperature limit has, however, frequently been extended to lower
temperatures (25 to 30°F), dependent on the expected environmental condi-
tions. The maximum attenuation limit (12 dB8/100 meter at 8 KHz) is frequently
waived as well in static tests. A static test window with relative humidities
between 20 and 95%, no precipitation and temperatures between -5 and 35°C is
recommended for static tests (see Figure 7).

Wind Velocity and Direction Restrictions:

In static tests with an Inflow Control Structure the wind limitations should
be based on the following criteria:

- no shadowing of far-fieid ground microphones
- no reingestion

Observation of the on-line |/3 0B spectra from the pole and ground microphones
at the same angular location provides information about the first limit. If
the difference of the spectrum levels in the high frequency range (f > 5 kHz)
between the ground microphone and the pole microphone fluctuate or became
significantly less than 3 dB, then ground microphone shadowing has occurred
and the acoustic data is not acceptable. Extensive testing within the wind
envelope shown in Figure 3 has prevented the occurrence of ground microphone
shadowing in all tests.

It is recommended that the wind |imits presented in Figure 3 be used in static
tests.

3.7 Data Acquisition and Processing

Acoustic Data:

The acoustic systeam should consist of microphone, cathode follower, microphone
power supply, preamplifier and recorder. The system should conform to the

specifications for noise recording systens as described in FAR Part 36, Appen-
dix A.
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Data Recording Requirements:

Fourteen (14) channel tape recorders should be used in the FM mode at tape
speeds of 30 IPS. Twelve (i2) channeis shouid be used for acoustic data, the
remaining two (2) channels for voice commentary and the time code. Acoustic
data records of 60 seconds duration are recommended.

Systen Calibrations:

Microphone Calibration:

Before each test series a free-field frequency response calibration should be
made for each microphone at the preferred 1/3 0.B. center frequencies between
40 Hz and 10 KHz. The free-field calibration should be accomplished by apply-
ing free-field corrections to an electrostatic pressure calibration.

Microphone System Response:

Before the test, electrical signais should be inserted into each microphone
system at the microphone preamplifier and measured at the input to the tape
recorder amplifiers., The insert signals should be sine waves at the 1/3 octave
band (0.3.) center frequencies between 40 Hz and 10 KHz,

Record and Playback System Response Calibration:

Before the test, electrical signals shouid be inserted simuitaneousiy at aill
channels of the recorder amplifier inputs. The resulting signals from the
playback system determine the record/playback system response. The inserted
signals may be sine waves at the (/3 0.8. center frequencies between 4C {z and
10 KHz or broadband signals.

1/3 0.8. Analyzer Calibration:

Approximately every two months the filters of the |/3 octave band (0.8.)
analyzer should be calibrated for bandwidth and level.
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Microphone System Sensitivity Calibration:

A microphone systam sensitivity caiibration should be made every test day be-
fore the first test point and after the last test point. The system sensitivity
should be checked for each microphone system using a piston phone operated at
250 Hz.

Magnetic Tape Calibration:

At the beginning of each magnetic tape reel a 124 dB equivalent sine wave
reference signal at 250 Hz shouid be applied to all channels simultaneousiy
for a period of 30 seconds.

Data Reduction:

The acoustic data are analyzed with a i/3 0.8. analyzer. The following correc-
tions are applied in order to produce free-field 1/3 0.8. spectra:

- Microphone pressure response based on the electrostatic calibration
of each microphone.

- Microphone pressure to free-field response. Provided by the ~icro-
phone manufacturer for each microphone type.

- Microphone system response based on the results from insertion cali-
bration conducted before the test,

- Microphone system sensitivity based on the daily calibration with
piston phone.

- Record to playback response based on the results of the calibration
conducted before the test.

- Magnetic tape sensitivity based on the calibration signal recorded in
the initial segnent of each tape.
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- /3 0B analyzer filter level and bandwidth correction based on the
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bi-monthiy calibration of the analyzer.

- Atmospheric absorption. Correction to FAA standard day T = 25°C
(77%F), relative hunidity 70% based on Reference 12,

- Pressure doubling in ground microphones. All /3 0B levels are 1
reduced by 6 dB in order to correct to free-field conditions,

Data are analyzed for all microphones at all test points.

4.0 PROJECTION OF STATIC DATA TO FLIGHT

In Section 3.0, techniques for obtaining appropriate engine data during static
testing with an Inflow Control Structure were described. As a result of these
techniques, free field spectra for each microphone angle and test condition
(i.e. corrected speed) were obtained, corrected to FAA day temperature and
humidity (77°F, 70% RM}. The use of these data to predict engine noise

spectra as a function of position during an aircraft flyover is described in

this section.

4.1 Specification of Aircraft Configuration, Flight Path and Atmosphere

1. The first step is to define the engine/nacelle flight path and engine
operating condition during the fiyover, Constant airpiane velocity,
rate of climb, and engine operation will be assumed during the fly-
over, The flight path is defined by the trajectory of an engine
reference point and is specified by its slope and altitude above the
ground reference point, as defined in Figure 8. The orientation of
the engine relative to the flight path must aiso be known.

2. The temperature and humidity will be assumed to be uniform with

altitude and equal to those for an FAA day, (77°F, 70% RH) since
noise certification data must be corrected to these conditions,
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4.2 Caiculation of Acoustic Emission Angle Versus Fiyover Time

3. The sideline location of the microphone for which the flyover predic-
tion is to be made is specified by the distance x, (see Figure 8).

ENGINE REFERENCE POINT AT ACOUSTIC EMIBSION
PORTION o
< .-4\"

TRAMCTIONY

N, > RANGEAT
ACOUSTIC EMISSION
rOBITION

ENGINE § o
~"\ 1= CLIMB
ANGLE

ENGINE REFERENCE POINT
LOCATES ENGINE ALONG TRAJECTORY

M« AIRCRAFT e

MACH NUMBER "
»/‘
V = AIRCRAFT VELOCITY H = FLIGHT PATH ALTITUDE

DIRECTION

oFf
AIRCRAFT !
MOTION
\ \
REFERENCE PERPENDICULAR PROJECTION
X POINT OF FLIGHT PATH INTO
PLANE THROUGH MICROPHONE
+*

& PARALLEL TO GROUND
f ®/- MICROPHONE

Figure 8 Definition of Flight Path Paramet>rs

4, Zero time is equal to the time when the engire ceference point is
directly over the ground reference point. Using this definition, and
knowing the flight path altitude above this reference point and the
aircraft's velocity and rate of climb, the acoustic emission angle
can be calculated as a function of time from:

(Vt -MRg) cosp + M sin (v+B)

" (1)
e

-1
0,* 180 - cos
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where Re is the acoustic range, or distance from the source to the
microphone, given by Fquation (2).

V(Vt)2 + 2vtH siny _ + H2 (1-M2c0s2) + X 2 (1-M2) - M [vishsiny]  (2)

5.

(1-M2)
(symbols for Equation (1) and Equation (2) are defined in Figure 8).

The time duration for the calculation is next selected. (Note that
for certification predictions, the time duration is selected to en-
sure a 10 PNdB range in noise level.)

Break the time duration into desired intervals (for certification
predictions, one haif second intervals are usually selected) and cal-
culate the corresponding emission angles 6, and acoustic ranges,
Re fram Equation (1) and Equation (2).

4,3 Preparation of the Static Data for Pr.jection to Flight

6?

7.

Engine spectra must be defined for the engine operating condition
specified in Step 1. Since data are not usually available at the
precise operating condition specified, interpolation of the data as a
function of operating condition is required. For this, and subse-
quent processing of the data, it is necessary to isolate the various
contributing components to the total spectra, i.e., jet, cambustion,
turbine, fan. There are no set procedures for accomplishing this
breakout, although camponent spectra are usually obtained by using
prediction systems for at least some of the components as quides. (If
flight projections of the fan tone are desired, then it is a simple
matter to identify these tones fram the spectra.) Once the
contributing sources have been isolated, interpolation as a function
of the appropriate performance parameter is carried out (e.g. cor-
rected speed for fan noise, primary jet velocity for jet noise). For

T e m———



e ey s oy R

8.

fan noise, it is recommended that interpolation procedures be used
that curve fit all the data to minimize the difference between the
data and the values given by the curve fit. In this manner, local
ananalies in the variation of noise with speed are minimized.

Corrections for the effects of the Infiow Control Structure on the
radiated sound field should ve applied. Based on results presented in
Reference 6, these effects are small compared to the variability in
measured data and the corrections will be taken to be zero.

At this point, recognition has to be taken of the fact that static
data is acquired at fixed (even) angles relative to the engine cen-
terline, while flight test data is averaged over flyover time inter-
vals (.5 seconds is a typical integration time) which cover a finite
angular range. To achieve agreement between the measured static data
prajected to flight, and the flyover data presented in even time in-
tervals it is necessary to simulate the averaging process that takes
place in flight. In a simple approximation of the actual process the
spectra from all angles that fall within a time interval are loga-
rithmically averaged to represent the time average for the flyover
condition, If none of the measurement angles fall within the one-
half second interval (unlikely to occur except for values of 9,
close to 0 and 180 degrees, if microphone angle spacing used during
the static test program is 10 degrees or less), then interpolation is
required for that interval,

For each emission angle defined in Step 6, project, for an FAA day,
the spectra from the measurement distance used in the static test to
the distance specified by the acoustic range. This is accomplished in
two parts, first by accounting for spherical attenuation, Equation
(3), and thon by accounting for air attenuation effects using
Reference 11.

R static measurement
ASPL (dB) = 20 log (3)
spheri cal Re
attenuation
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4.4

4.5

This step provides static free field spectra for each emission
angle, praojected to distances consistent with the flyover path
def ined in Step |.

Inclusion of Aircraft Installation Effects

10. Effects of wing shielding and reflection, fuselage shielding and jet
fiow shielding on each component of engine noise may now be included.
Modules describing these effects are currently under development as
part of the NASA ANOPP procedure. In the absence of these modules,
it is recommended that simple analytical models be developed.

Projection of Static Free Field Spectra to Flight Free Field Spectra

11. Source reduction and convective amplification effects due to flight
are corrected for at this point. The jet caomponent is lLurrected to
acco. 't for source reduction due to the motion of the jet through
the air and for convective effects. Reference 12 is recommended for
such corrections.

The remaining components, fan, turbine, and combustion noise are
modified for the effects of convective amplification by addition of
Equation (4).

A SPL (dB) = -40 log [1 - M cos o'] (4)
Convective
ampiification

12, The sources, except for jet, are then shifted in fraguency to ac-
count for Doppler effects, as defined in Equation (5). The resultant
spectra are then summed.




4.6

4.7

f 1 (5)

Tb 1< Mcos ¢

Where f = frequency at flight condition
fo = frequency at static condition

(Note that oniy the frequencies are shifted in this step, the spec-
tral amplitudes remain unchanged.) If one third octave band analysis
has been used to define the spectra, then, after doppler correction,
the energy should be redistributed into the standard one-third octave
bands.

At this point, free fizld fiyover spectral estimates have been gene-
rated fran the static data for the engine/nacelie cambination tested,
the defined flight path, and the specified installation effects.

Inclusion of Ground Effects

i3,

The presence of the ground surface results in extra attenuation, not
accounted for in any of the above corrections, and this is particu-
larly important for microphones located away from the fiight path,
Reference 13 can be used for this correction.

. Effects of ground plane reflections can be accounted for by use of

methods such as those described in Reference (4. Ground impedance is

required as an input, but very fittle data is available on values of

ground impedance encountered during aircraft flyovers. References 15,
16, and |7 are sources of this information, for grass and sandy sur-

faces.

Inclusion of Multiple Engine Effects

15, The effect of multiple engines is next included by:
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b)

If engine separation is large, reprating the above steps for
each of the remaining engines and then sumning the resuiting
spectra (by use of anti-logarithmic addition), after displacing
the engine time scales by the amount required to account for
their separation distances.

If engine separation is negligible, hy adding 10 lug Ne to
each of the spectra generated in the above steps, where Ne is
the .umber of engines.

At this point, flyover spectral estimates have been generated from
the static data for muitiple engines that include ground and shield-
ing effects, The spectral time history developed as a resuit of the
above procedures can be used to generate Perceived Noise Level (PNL)
fivover histories and Effective Perceived Noise Levei (EPNL), the
units used in certification procedures defined by MW FAR Part 36.

The corrections described above for projecting static data to flight are drawn
fron existing modeis and information. Sane of the corrections have greater
sources of error in them than others, and same effects are not accounted for
since they are currentiy not well enough understood. The following discusses
major potential error sources in these corrections.

1. Long distance propagation effects in the atmosphere.

a)

b)

)

Sound is scattered by atmospheric turbuience, an effect which is
not included,

Extra yround attenuation, which is included, is presently an
anpirical correction whose physicel origin has yet to be defined.

Non- |inear sound propagation effects may become significant at
{arge propagation distances, an effect which is not included.




d)

Refraction of sound by velocity and temperature gradients is not
inciuded, alihough these effects can in part be included by use
of layered weather atmospheric models.

2. Convective Ampiification

¢

a)

The convective amplification factcer applied to fan and core
noise has been developed from theoretical models that do not
fully simlulate the properties of gas turbine engine noise
sources, and the application of this factor has not been veri-

fied experimentaily.
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5.0 LIST OF SYMBOLS & ABBREVIATIONS

Unit Description

- Normalized Half Diameters of Bellmouth Inlet
Ellipse

- Decibel

M Maximum Characteristic Dimension of Inflow Con-
trol Structure Material (e.g. honeycomb cell
size)

Hz Frequency

Hz Doppler Shifted Frequency

M Flight Path Altitude

- Inflow Control Structure

M-1 Wavenunber, defined in Step 19 of Section 2.0
M- Wavenumber, defined in Step 19 of Section 2.0
M- Wavenunber, defined in Step 19 of Section 2.0
M- Wavenumber, defined in Step 19 of Section 2.0
M- Wavenunber, defined in Step 19 of Section 2.0

- Honeycomb Resistance
- Perforated Plate Resistance

M Characteristic Length Scale of Turbulence In
Flight Case

M Characteristic Length Scale of Turbulence In
Static Case

M Characteristic Length Scale of Turbulence Behind
Inflow Control Structure

- Final Contraction Ratio (Inflow Control Struc.
ture to Fan Face)

- Static Contraction Ratio

Kpa 42 et i
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Lp

Mics

MV

UReF

Unit

WS

WS
WS

WS

WS

w3
WS

M/S

Description
Honeycamb lLength to Diameter Ratio
Perforated Plate Thickness
Aircraft Mach Number

Maximun Mach Number Incident to Inflow Control
Structure

Rotor 3lade Number
Corrected Fan Rotor Rotational Speed
Number of Engines

Turbulence Field Characteristic, Defined in Step
20 of Section 2.0

Reynolds Number of Honeycomb Cell

Acoustic Range (See Figure 8)

Noninal Radius of Inflow Control Structure
Inlet Radius at Fan Face

Time

Streamwise Velocity Deficit in Wake Before Con-
traction

Maximun Azimuthal Velocity in Vortex Before Con-
traction

Maximun Wind Velocity In Test Window

Root Mean Square Value of Turbulent Velocity In
Flight

Root Mean Square Value of Turbulent Velocity
Statically

Throughf 1ow Design Speed at Inflow Control
Structure

Static Reference Wind Speed

Inlet Velocity at Lowest Speed of Interest Along
Engine Operating Line

Aircraft Velocity
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Unit

degrees

degrees

M2/S

Description
Sideline Location of Microphone
Engine Centerline Height Above Ground During
Static Test
Roughness Scale
Reference Height
Fiow Angle Ratio - Honeycomb
Fiow Angle Ratio - Perforated Plate
Angle Between Nacelle Centerline and Flight Path
Climb Angle

Turbuience Field Characteristics Defined in Step
20 of Section 2.0

Blade Relative Inflow Angle
Minimum Sensitive Transverse Scale

Minimum Sensitive Transverse Scale at Inflow
Control Structure

Ambient Static Temp(9K)/2889K .

Angle Between Nacelle Centerline and Vector from
Acoustic Emission Position to Microphone (See
Figure 8)

Angle Between Flight Path and Microphone Mea-
sured fram Acoustic Emission -ition (See
Figure 8)

Kinematic Viscosity of Air

Open Area Ratio For Perforated Plate
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APPENDIX II
Discussion of Test Procedures

1.0 Introduction

’
Test procedures for static testing are discussed in this appendix. The proce-
dures defined in the Procedures Report were selected based on these discus-
sions. The following considers the test stand configuration, inlet and fan
nozzle geametry effects, and engine sound field effects. Instrumentation re-
quirements, both acoustic and meteorological and test condition considerations
are then discussed.

2.0 Test Stand, Inlet, Engine and Nozzle Geametry
2.1 Test Stand

The static test stand structure may affect the fan inflow field as well as the
noise radiation from the engine. Data from the fan rotor blade mounted trans-
ducers acquired during the Pratt & Whitney Aircraft/Boeing Joint Noise Program
demonstrated the significance of stand structure related distortions in the
fan inflow field. The blade mounted transducer data also showed that outside
of the inlet boundary layer the usage of an Inflow Control Structure (ICS)
reduced these distortions. Although the Inflow Control Structure reduces test
stand structure related inflow distortions, it is recommended that future
designs of test stand structures consider the minimization of fan inflow
distortions.

2.2 Inlet Geometry

The inlet geametry affects the fan inflow field as well as the sound propaga-
tion fram the fan into the forward arc. Flight inlets are canposed of a small
bellmouth and a diffuser (Figure 1). They are designed to provide good inlet
recovery in all flight conditions. In static operation however the flight in-
let produces high velocity peaks between the highlight and the throat planes.

v w s

73



i

. v
e ki st & o in s a rrma, EAAA Y IPRSIA

THROAT FAN
PLANE ;;7 ‘;\FACE
\

/

|
\ | ‘ FLIGHT

HIGHLIGHT. '

PLANE ' ;
l [’

v :
—— l' \ 3

[

BCLLMOUTH — __{ R,
\ STATIC :
® |
e a e INTERNAL INLET :
CONTOUR
®igure 1 Inlet Geometry

These velocity peak; are caused by the large variation in the streamline cur-
vature in the f.ow field, the oressure gradients necessary to sustain it and
the resulting pressure minima at the bellimouth surface. The diffusion from
these velocity peaks to the fan face also result in a thicker bounuary layer
and a boundary layer condition closer to separatior in static tests. These
deficiencies in the static inflow field can be improved to some extent with a
larger belimouth attached to the flight iniet diffuser. The mean flow velocity
field between the throat and the fan face are nearly the same for static and
fiight conditions if a large bellmouth is used in the static sitnation., The
boundary layer thickness at the fan face will however always be thicker in ? §
static conditions, independent of the belimouth size. Analytical studies have
indicated that the boundary layer thickness has a shallow minimum for an in-
termediate size bellmouth (Reference 1). For a small bellmouth the excessive
boundary layer thickness is due to the increased diffusion necessary between
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the peak velocities and the fan face. For very large helimouths the excessive
thickness is due to the large length over which the boundarv layer devaiops.
Independent of belimouth size, the inlet houndary layer in static tests is
expected to be larger than the one in flight., Simulation of a flight inlet
boundary layer in static tests can he achieved bhy:

- modification of the internal inlet contour between the throat and the
fan face

- boundary layer treatment (suction or blowing)

The inlet geometry also affects the sound propagation and radiation into the
forward arc. Data presented in Reference ? demonstrate the significance of the
internal contour between the fan face and the throat on the propagation in the
iniet. Data presented in Reference 3 show the significance of the external
contour on the radiation in the zero flow condition. It is also expected that
the mean fiow velocity distribution between the throat and the highiight has
sane effect on the radiation from the inlet,

Based an these observations it becomes clear that a complete simulation of the
flight inflow field, the sound propagation in the inlet and the radiation into
the forward arc in static conditions is extremely difficult to achieve. A com-
promise solution is needed that provides the closest simulation of flight con-
ditions in <tatic tests. The information necessary to define such a compromise
configuration is incompliete at the present time. However, based on the infor-
mation presented in References 1, 2 and 3 the following is recommended.

- The inlet contour between throat and fan face used in static tests
shoufd match the fiight inlet contour.

- The exterior belimouth should be minimized in size to a point where
it stiil provides small peak velocities in the throat highlight area
and a well attached boundary iayer at the fan face. The belimouth
used in the static test configuration of Reference 4 satisfies these
requirements, [ts c¢ross sec.ion is elliptic and its normalized half
diameters are
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It must however be emphasized that oniy further research efforts can provide
additional insight in this area. Such efforts should inciude the evaluation of:

The effect of iniet boundary |ayer on fan noise.
- The effect of iniet boundary layer on sound propagation.

- The offect of inlet geometry with and without fiow on sound propaga-
tion and radiation.

- The effect of iniet droop on sound generation, propagation and radia- ;
tion.

2.3 Engine Geometry

It is usually assumed that fan sound pressure fields are two-dimensional.
Based on theoretical considerations, sound pressure fields that are contained
within the duct modes of a single spinning nrder produce two-dimensional sound
pressure fieids, But in jeneral the farfield sound pressures may be a function
of both the cone angle and the polar angle. This is especially true for the
deterministic noise sources within the fan stage. The periodicity in the polar
angular coordinate 15 usually related to the differences in the spinning order
of the dominating modes; i.e.,

A=z 2w

Am
With
A= period of polar angular

am= difference in spinning orde: between dominating modes
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If the polar angular variation in the sound pressure field is significant,
then measurements in a single polar anguiar plane may not suffice to define
the compiete sound pressure field. Polar angular variations may nccur particu-
larly in the following sound pressure fields:

- Fan rotor noise at the blade passing trequency and its harmonics due
to inflow distortions of low fundamental order (pntential field due
to pylon or struts in the fan duct, inlet droop related inflow dis-
tortions, viscous wakes due to rake mounted iniet sensors).

- Stator noise at higher harmonics (=~ 3) of the blade passing frequency
due to rotor related flow distortions.

Since these observations are based on theoretical considerations, and since
experimental evidence is not available, it is reconmended that the polar angu-
lar dependence of the sound pressure field be evaluated in a future study.
Until then, current test techniques, such as those used in obtaining the data
of Section 4.4 of the main body of the report should be .sed.

2.4 Fan Nozzle Geagmetry

Pressure drops connected with inflow control structures designed using the
recomnended procedures are low because low values of pressure drop coefficient
and velocity through the screen result. Therefore, the use of an Inflow Con-
trol Structure has a negligible effect on the fan operating line, so compensa-
tion by modifying the fan duct control area is not required. Since the Inflow
Control Structure is used to simulate in flight fan operation, the effects of
free stream ram pressure rise on the fan operating line must also be consider-
ed. Because of the ram pressure rise the fan operating condition at a given
corrected speed changes between static and flight conditions. Although the
airplare forward velocities are small during the flight conditions of
interest, the ram effect at low engine power settings may alter the fan
operating point, This subject is explored theoretically in what follows.
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The mass flow rate through the fan nozzie is computed based on the isentropic
flow equations

1/~ Y1/
.;,=19_A‘1_2_ (P_) ¥ 1-(P
V't R P .l P

The corrected mass flow rate is therefore oniy a function of the nozzle pres-
sure ratio (Pt/p) and the effective nozzle area A,

If the fan operating conditions are matched in static and in flight conditions,
then the fan nozzie pressure ratio in static conditions is iower by the flight
ram pressure.

(2) -(2) (5),

static

with

p
t
(;‘>- total to static pressure ratio due to aircraft speed.
P

In order to match the corrected mass flow rates the fan nozzle area must be
increased in static test conditions,
For smali variations a‘ound a given nozzie operating condition, the equation

for the corrected mass flow can be approximated by the linear terms of the
Taylor series expansion.
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Based on the condition of no corrected mass flow change between static and
flight conditions the nozzle area increments for stutic tests can be computed
with the above ecuation.
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The nozzie pressure ratio difference between static and flight conditions for
matched fan operating conditions is
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with

Pt2.7/Pt2.5 = fan duct total nsressure ratio = 1,
ptZ.S/ptZ = fan pressure ratio,

ptzlptl = inlet total pressure ratio = 1.
ptl/Pam = total to ambient pressure ratio.

= 1. in static cr~ditions.

af2) . (L " -1
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The nozz e increment required in static tests in order to match the fiight fan
operating condition then becomes
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The above equation indicates that the nozzle area increment increases with the
aircraft Mach number to be simuiated in the static test, The increment is also
a funztion of the fan nozzie pressure ratio. It oecomes iarge for smail pres-
sure ratios and decreases to zero at the critical nozzlie pr-ssure ratio.




——

qince the pre-
g for small
ch condi-

n are presented in Figur2 2.
they are only vali

al aircraft approd
rder of 3 1O 9 percent. Av
‘y due to the jarge fan

the above equatio
ased on a \inearized equation,

jits indicate that for typic
ents are in the 0

Results pased on

sented data are b
- mbers. The res!

M- _n
zz1e area increm

tions thne fan 0O
takeoff conditions the jncremert pecomes Very sma.
nozzle pressure ratio. Based on this analysis, in order to match the flight
tic tests at all power settings, & yariable fan
| have some

tions in sta
red. Such 8 variable geometry wil

tion into the aft

condi
ry would be requi

e fan noise propa

fan operating

nozzle geomet

effecis on th
the jet aoise.

gation and radia arc, and may

also alter
FLIGHT MACH
\ NUMBER
\ \ \=
20 ;\
TYPICAL APPROACH
NOZZLE POWER CONDITIONS
AREA
\NCREMENT
LY
A
Al
A | U 1 1
1A 12 13 1.4
FAN NOZZLE PRESSURE RATIO
Figure 2 P.n_nroximate Nozzle Area Tncrament required in Static Tests to
Match ~1ight Fan opetating condition



Estimates of the effect of fan nozzle area change on radiated BPF noise were
obtained from Fiqure 39 of “Fan-Compressor Noise: Prediction, Research and
Reduction Studies” by £. A, Burdsall and R. H. Urban, FAA-RD-71-73, Final
Report, February, 1971. This figure shows that tone qgenerated power increases
approximateiy as 10 log AP where AP is the fan pressure rise. Using this
expression, the effect of the load line variations discussed ahove on radiated
BPF tone is found to be 0.4 dB or less. The test data used to generate these
results were obtained fron a HBPR fan tested without an inflow control struc-
ture, and as such may be misleading. These results are inconclusive, and it is
hard at this point to quantify the effect of no2zle area changes on fan radi-
ated noise, or whether the nozzle area should be varied, since it will affect
other sources, such as the jet.

Based on these observations, it is recommended that the importance of account-
ing for the differences in fan operating conditions between static and flight
conditions on noise generation be evaluated in future test programs. Until
then, current static test techniques using flight nozzle areas, (which as
shown in Section 4.4 of the main body of the report, give reasonable agreement
between flight projected static data and flight data), should be used.

3.0 Instrumentation
3.1 Acoustic Instrumentation

The acoustic instrumentation in static fan noise tests consists typically of a
set of microphones located in the acoustic far-fieid of the engine. Usually
the microphones are arranged in a circular array at a distance of 20 ts 40 fan
diameters (50 m, 150 ft) from the engine. At the present three different
microphone arrangements are used:

- pole microphones
- ground microphones
- comhination of pole and ground microphones
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Pole microphones are rormally focated at engine axis height above the ground,
Measurements with these minrophones are affected by the interference between
the direct and ground reflected signals. The phase relationship between these
two signals is not only a function of geometry and frequency, but also is
affected by the atmospheric conditions within the test arena. Temporal fluctu-
ations in the phase between the two signals cause extreme fluctuations in the
fan tone noise signals received at the microphones. Reasonably certain extra-
polation of measured one third octave band spectra to free-field spectra is
oniy possible at high frequencies where these effects are minimized.

Ground microphones are placed very close to the ground and provide conditions
close to constructive interference between the direct and indirect signals
throughout the frequency range of interest. Fan tone noise signal strength
fluctuatiuns are significantly reduced relative to the pole microphone sig-
nals. Free-field extrapalation is achieved by a 6 dB8 reduction of the measured
signals. Refraction of high frequency signals at ground microphones may occur
in excessive temperature or velocity gradients in the test arena. However,
reasonable restrictions on the test weather window will preclude such pro-
blans. [n addition, for 1/2 inch microphones, grazing incidence corrections
should be applied to the pressure response of the microphona,

In the combination of pole and ground microphones the signals from the two
microphones are combined. The low freqeuncy signal of the grcund microphone is
combined with the high frequency portion of the pole microphone. This approach
eliminates the low frequency probiem in the pole microphones and precltudes the
potential high frequency probiems of the ground microphones. The main disad-
vantages of this approach are the doubling in the number of microphones and
the uncertainties in the merger region between the two spectra.

Aircraft flyover noise data are usually bused on averages for samples of 500
milliseconds duration. Angular variations in fan tone noise are fully taken
into account but averaged over 1arge angular segments, especially at the air-
craft overhead position, At this position in tie FAR Part 36 approach condi-~
tion the data is averaged over about 20 degrees, in the takeoff condition the
corresponding data represents an average over an angle of 10 degrees. Ensamble
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averaged data of aircraft flyover noise based on an array of microphones rather
than on a single microphone significantly improves angular resolution (Refer-
ence 5). The use of inflow control structures in static fan noise tests has
reduced the random noise sources that contribute to fan tone noise at the BPF
and its harmonics. It also has reduced fluctuations in the fan rotational
speed, As a result of these changes (i.e. reduction of random noise sour-ces
and stabilization of fan rotational speed) fan tone noise has become dominated
by deterministic noise sources and its radiation pattern can be lobular. For
these reasons, in tests where detailed directivity information is necessary, a
large nunber of microphones may be required to provide an adequate definition
of the tone noise radiation patterns in static tests. The microphone locations
used in the static noise tests descritad in Reference 6 are recommended, and
are shown in Figure 3. Pole microphones at 70° and 110° are used for

on-line camparison between high frequency segmnents (f > 5 KHz) of ground and
pole microphone data. Noise radiated into angles smaller than 30° and larger
than 160° usually contributes very little to aircraft flyover noise.

NOZZLE

® GROUND MICROPHONES
¥ FOLE MICROPHONES

Figure 3 Microphone Array for Static Fan Noise Tests
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One-haif inch condensor microphones are recommended. They should provide
essentially fiat frequency response from 40 to 10 ¥ 12 at grazing incidence, be
retatively insensitive to temperature and humidity variations, and be of such
construction that they can be calibrated electrostatically.

The ground microphones are mounted with the diaphragn 1/2 inch above the
ground facing downwards over a smooth hard measurement field extending from
beneath the engine to about 3 meters beyond the measurement point. The
microphone support must be designed to have negligible effects on the sound
pressure field. Cables should be routed from the far side of the array to the
microphones and should not cross the test arena.

Microphone specifications should be the same as in FAR Part 36 Appendix A.
3.2 Meteorological Instrumentation
Atmospheric conditions within the test arena affect tone noise generation as

we | as the sound propagation from the engine to the far-field micrnphones.
The atmospheric conditions are characterized by the following parameters:

p (atm) static pressure (ambient pressure)
T (%) static tempe-ature

RH (%) Relative humidity

Vw (m/s) Wind velocity

5 (degrees) Wind direction relative to inlet axis
In a first order approximation the acoustic pressure is proportional to the

ambient pressure. For practically all static test conditions correction for
static pressure changes are not necessary.
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Temperature and humidity affect the atmospheric absorption. Ambient tempera-
ture is expected to vary only weakly in a horizontal plane, but it can be a
strong function of leight above ground. In static tests with ground micro-
phones, it is recommended that the ambient temperature be measrued at several
heights between the ground and the engine height. The following temperature
measurement locations are suggested: i.e., the microphone heights, at the
engine centerline, near the humidity measuring device, and one foot off the
measurement surface.

The absolute humidity is not expected to vary significantly within the test
arena. The relative humidity will however change with th2 temperature. Several
ambient temperatures(i.e. as specified above), and a single dew point measure-
ment within the test arena are expected to provide sufficient information
about the relative humidity distribution. Ambiant and dew point temperature
measurament accuracy shouid be 0.3%C. This will provide an acceptable rela-
tive humidity accuracy of +3 percent.

Wind velocity and direction can affect fan noise sources as well as sound pro-
pagation. A low threshoid, air bearing cup anemometer provides wind velocity
information of sufficient accuracy (#0.22 m/s between 0.447 and 6,71 m/s).
Since wind speed and direction may vary significantiy over the duration of 2a
test point, they should be recorded continuously for each test point,

3.3 Engine Performance Instrumentation

Instrumentation for all standard engine performance parameters should be
avaiiable, Engine performance instrumentation to satisfy general and specific
measurement needs are required to ensure stable, repeatable, and comnarable
engine operating characteristics when conducting noise measurement tests.
Noise tests conducted on high bypass ratio fan engines require accurate mea-
surament of several important fan parameters. Among these are fan rpm, fan
pressure ratio, fan mass flow rate, fan temperature ratio, engine thrust, and
fan exhaust area. Aduitional engine performance parameters are required when
the test is concerned with jet exhaust noise generation, These parameters in-
clude nozzie temperatures and pressur2s, overall pressure ratio, and primary
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engine exhaust area. A total engine noise test would require at least all of
the above mentioned parameters plus any other special flow and aerodynamic
parameters that might be required for special noise tests. Care must be taken
to ensure that the instrumentation does not affect radiated noise. Ambient
conditions of temperature, atmospheric pressure, humidity and wind speed and
direction must also be measured as described in Section 3.2, in order that the
measured engine performance parameters can be corrected to standard conditions
for effective noise measurement comparisons.

4.0 Test Condition Recommendations

In this discussion the term test point is used to describe a time period dur-
ing which acoustic data are acquired while the engine operates in a stabilized
condition.

4.1 Test Point Characteristics

Each test point is characterized by a set of corrected engine parameters
(corrected rotational speeds, corrected mass flow rates, component pressure
ratios). For typical static test conditions, the relationships between the
various corrected engine parameters are unaffected by the ambient atmospheric
conditions. A single corrected engine parameter can therefore be selected to
characterize the various test points. In static tests concerned with fan noise,
it is reasonabl!e to select one of the parameters tuat describe the thermody-
namic cycle of the fan. The corrected fan speed N1/v® which is directly re-
lated to the fan tip Mach number is one of the corrected parameters that
describes the fan cycle. It is easily measured ard provides a reliable signal.,
It is suggested that N1/v® be used to character..a the test points in static
fan noise tests.

4.2 Engine Operating Point Variability for a Test Point

Engine transients between test points result in very Iow frequency thermo-
dynamic transients in various engine components. In order to provide stable
engine operating conditions at a test point, a stabilization period of at
least 2 minutes is recommended before each test point, Unsteady distortions in
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the inflow field of engines typical for static test conditions cause signifi-
cant fluctuations in the engine operating conditions, These fluctuations are
greatly reduced with an inflow control structure. Without an inflow controi
structure corrected speed fluctuations for a test point are typically 1 per-
cent of the corrected fan speed. With an inflow control structure they are
reduced to about 0.3 percent. Corrected fan speed differences between the
various engines on an aircraft in a flyover noise test are typically in the
order of 1 percent of the average corrected fan speed. The reduced corrected
Tan speed fluctuations in static tests with inflow control structure wiil
1ikely result in lobular directivity patterns at the fan BPF and its harmo-
nics, It is necessary to consider how to use the static data, with its lobular
directivity pattern, to predict flight, which also has lobular directivity
patterns and engine to engine speed variations, which tend to average out the
tobular patterns.

There are two methods to account for this variation. The first method is to
ootain static noise data at many fixed corrected speeds, predict flyover noise
Tevels at a series of corrected speed values simulating a typical fly- over
speed variation, and average the resulting predictions. The second method is
to simulate the flyover corrected speed variation duing the data acquisi-
tion in a static noise test and predict a single flyover noise level from the
static measureament.

The two methods differ fundamentally in the procedure for simulating the cor-
rected speed variation in flyover measurements. In the first method the cor-

rected speed variation is directly simulated by making flight noise predictions

at a series of corrected speeds while in the second method the flyover speed
variation is simulated in the static data acquisition process. The second
method is an approximaticn to the procedurally correct first method and will
produce the same answer as the first method only if the transformations that
are used to predict flight noise levels from static m. asurements are (inear.
However, the second method may be more practical to implement.

In addition to being more practical, the second method has two other auvan-
tages. First, analysis of the effect of an inlet control screen on fan noise
directivity has demonstrated that, for a specific source structure, the screen
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can, if it contains discontinuities, alter the source directivity via diffrac-
tion effects. These diffraction effects can be eliminated (i.e., average to
zero) if the engine speed is varied slightly to prodice a varying source
structure. Second, fan noise directivity is very lobular and sensitive to cor-
rected speed, and varying corrected speed siightiy during a static test will
produce a better estimate of fan noise at a nominal speed than data obtained
with corrected speed held strictly constant,

In the past, before the use of an Infiow Controi Structure, the fan directi-
vity patterns that were measured were much smoother, Accordingly, problems
presented by the lobular directivity patterns were not encountered, and
neither of the above methods have been used by Pratt & Whitney Aircraft and
Boeing. A variant of the first method has been used where a relatively smail
number of speed points were used to define the noise versus speed characteris-
tics of the enjine, and flight predictions were made for a nominal flight
speed. Therefore it is difficult at this time to select one of the methods as
b2ing the preferred one. The selection is best made by the user depending on
constraints unique to his case, e.g. test time, test costs, available data
reduction and processing equipment, etc.

4.3 Temperature ind Relative Humidity Restrictions

In flyover testing with its inherently long propagation distances bLetween the
source and the microphone, atmospheric absorption has a significant effect on
the measured data. In this situation a tight restriction on air temperature
and humidity is reqired (FAR Part 36 test window, Figure 4). In static tests
the propagation distances are much shorter and a less restrictive test window
is acceptable. In the past, static test windows have usually retained the

rel ative humidity limits (20 percent and 95 percent) as well as the no preci-
pitation condition. The lower temperature 1imit has however freguently been
extended to lower tamperatures (25 to 30°F), dependent on the expected en-
virommental concitions. The maximum attenuation limit (12 d8/100 meter at 8
KHz) is frequently waived as well in static tests. A static cest window with
relative humidities between 20 and 95 percent, no precipitation and tempera-
ture between -5° and 35°C is recommerded for static tests, (see Figure 4).
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4.4 Wind Velocity and Direction Restrictions

Without an inflow controi structure, high wind velocities cause significant
fluctuations in the fan rotor -peed. Due to the resulting poor quality of the
engine performance data, the winds fram the forward arc have been restricted
by windows |ike the one shown in Figure 5. Winds from the aft arc result in
increased data scatter, make wind mamentum corrections uncertain and n.. cause
reingestion problems. For these reasons limits on winds from the aft arc are

lower. Temperature distortions in the
control structure and result in veloci

inflow field persist through an inflow
ty distortions at the fan face.

‘ WIND VELOCITY

(M/S)
-- (8MIL" “/4OUR)
—30
-120
~a— (4 MILES/HOUR)
4
-410
9
] 1 1 | 1 1
180 97 4s° 0 45° 90 180
NOZZLE INLET AXIS NOZZLE
AXIS AXIS
WIND DIRECTION (©)
Figure 5 Typical Wind Limit Used in Static Fan Noise Tests
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In static tests with an inflow control structure the wind limitations should
be based on the foilowing criteria:

- no shadowing of far-field ground microphones
- no reingestion

Observation of the on-line 1/3 0B spectra from the pole and ground microphone:
at the same angular location provides information about the first limit, If
the difference of the spectrum ievels in the high frequency range (f>5 kHz)
between the ground microphone and the pole microphone fluctuate or become
sinificantiy less than 3 dB, then ground microphcne shadowing has occurred
and the acoustic data is not acceptable., Extensive testing within the wind
envelope shown in Figure 5 has prevented the occurrence of ground microphone

shadowing in ali tests.

The reingestion problen has not been studied in detail. The nozzie flows act
as ejectors and induce anbient air into the jet flows. This might result in
higher acceptable wind Iwmits for the aft arc without excessive temperature
distortions. In a first order approximation the velocity distortion at the fan
face resulting fron an ambient temperature distortion can be estimated based
on the isentropic flow equations., The acceptabie temperature distortion based
on the above equation and a velocity distortion limit of 0.2 percent is in the

order of 1°C.

It is recommended that the .ind Iimits presented in Figure S be used in static
tests.
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List of Symbols - Appendix I1

Symool Units Desc. otion
A M2 effective fan nozzle ar a
a by large half diameter of ellipse
b M small half diameter of ellipse
f S'1 frequency
Meo -- aircraft Mach number
m -- spinning order of duct mode
m kg/S nozzle mass flow rate
;{1 rpm fan rotational speed
08 -- octave band
p kg/MS2 static pressure
Pt kg/NIS2 total pressure
RH X rel ative humidity
R Mz/S2 % gas constant
RO M inlet throat radius
T % static tenperature
T, % total temperature
. Vo Ms wind velocity
8 degrees wing directicn
Y . specific heat ratio of air
6 - anbient static temperature (°k)/288%
(1) degrees polar angle
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APPENDIX III
TEST CONFIGURATIONS

The following test configurations were used in assessing the procedures manual
by camparing measured static data projected to flight with measured flight
data. The engine used in the static and flight tests was a JT9D-7 engine,
equipped with a Boeing -200 nacelle. The nacelle was hardwalled for both the

¢ static and flicht cases. The flight data was obtained from JT9D's on a Boeing
‘ 1 747 airplane with all engines hardwalled.

i Four speeds w..e analyzed, and data were selected for the fan speeds used
duriny the flight test program. Static data for these speeds was obtained by
interpolation, as a function of speed. The flight test conditions used for the
assessment are defined in che following:

g : Nacelle
* Nominal Altitude Pitch Angle Re-
Flight (rrrected at Flight Climb of lative To
! Condi tion N Overhead Velocity Angle Aircraft Aircraft
(RPM) (M) (M/S)
‘s\{
soroach 2296 113 80 -3° .8° 2.3°
30°
Slap
Approach 2327 113 80 -3° .8° 2.3°
25°
Flap
© . Takeoff 3270 244 100 4.97° 1.2 2.%°
S 0 Cutback 3008 244 100 2.2  1.0° 2.7
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The flight data was corrected as follows.

Raw data corrected to 77°, 70% relative humidity FAA day.

Data is corrected to the flight path cited above,

Migrophone incidence angle correction was applied to the data,

The data was time averaged over .5 second intervals. Values of the time
averaged data for the static measurement angles used in the assessment of
section 4,4 were obtained by interpolation knowing the relationship be-
tween angle and flyover time.
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APPENDI X 1V
PLANS FOR EVALUATION OF INTERIM PROCEDURES REPORT USING JT15D DATA

BACKGROUND :

The lack of agreement between measured inflight fan noise characteristics and
predictions based on ground static data is a problem that has hindered the
development of lower noise fans. Investigations by NASA, PLWA, Boeing and
others have shown that spurious fan tones are generated in static tests from
interactions of the fan with inflow distortions caused by wakes from test
stand structure, vcrtices from the ground and other surfaces, and greatly
distorted atmospheric turbulence., In October 1977 Pratt and Whitney Aircraft
with Boeing as a subcontractor initiated work in the Forward Speed Effects on
Fan Noise Contract (NAS1-15085) from NASA Langley. The major effort in this
contract, which is discussed in this report, was the development of an Interim
Procedures Report that includes a design system for Infiow Control Structures
that would be used during static tests to remove inflow distortions unique to
the static test environment. An assessment of the Inflow Control Structure
design and corrections defined to extrapolate the static data to flight was
included as a contract task, This assessment was based on 747/J79D static and
flyover data and is discussed in section 4.4, To validate the general applica-
bility of the procedures developed in this contract it would be useful to
assess these procedures using data from a different size engine and installa-
tion. This can be accomplished using NASA JV 15D test program data, including
data fram completed static and wind tunnel tests and planned flight and fan
rig tests,

Included as part of the Contract Program Coordination task is a requirement to
propose JT150 program plans for further evaluation and improvement of the sta-
tic test procedures developed. These plans are to include flight and fan rig
test requirements. The technology base developed in the current contract to-
gether with the efforts outlined below involving use of NASA JT15D data will
provide a final procedures report for static, wind tunnel, and rig testing
verified for both large and small scale engines.
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APPROACH :

A combined analytical and experimental program is suggested for the further
evatuation and improvament of static test procedures developed in the current
contract, Program clanents are outlined below:

1. Inflow control structure design procedures developed in the current con-
tract will be used to define pertinent characteristics of an Inflow
Control Structure design for the JT15D engine. Inflow control structure
designs tested by NASA Lewis will be assessed by comparing their charac-
teristics with the recommended characteristics.

2. Static test procedures defined in the interim report will be assessed
using JT15D acoustic and blade wmounted transducer (BMT) data.

0 Inflow control structure design procedures will be assessed by com-
paring static and flight blade mounted transducer data and consider-
ing the results of the Task 1 comparisons.

0 An overall assessment of the procedures will be performed by campar-
ing measured JT15D flight acoustic data with flight noise levels
predicted fram static data using the procedures developed in this
contract to project static data to flight. This assessment will be
performed to the level of detail possible based on data availability,

0 The procedures, including Inflow Control Structure design and static-
to-flight correction factors will be updated as appropriate, based on
results of the above assessient.

3. If it is concluded that relevant design characteristics are not satisfied
by an existing Inflow Control Structure and/or additional testing is
necessary to assess further the procedures report, a static test program
will be defined and the evaluations described in Task 2 will be repeated
using the newly acquired data and the procedures will be updated further.
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Corrections will be defined that should be applied to engine data obtained
in the NASA Ames wind tunnel to allow comparison with flight data.

An assessment will be made of the effectiveness of Ames wind tunnel test-
ing as a means of simulating inflight "an noise by comparing predicted
flight Tevels, based on Ames JT150 data corrected by the factors defined
in item 4 above, with measured JT150 flight data. Correction factors will
be updated if appropriate.

An assessment will be made of the applicability of the static test proce-
dures to fan rig testing by comparing data from NASA JT15D rig tests, i
obtained and corrected in accordance with the proposed procedures, with
NASA flight test data. Appropriate additional corrections and requirements
will be defined.

A factor not considered by the current contract is the static simulation
of in-flight mean flow velocity throughout the inlet and at the fan face,
boundary layer conditions at the fan face, and the effect on fan noise
generation ard propagation of inlet droop. The importance of accounting
for these factors in static testing should be assessed,

If the itamn 7 assessment indicates that those effects are important in

static testing, inlet design and boundary layer control methods will be
developed to provide the proper simulation,
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